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ABSTRACT
Peptide-membrane interactions depict the cell’s response to an external molecule. This is
a critical event to evaluate the peptide’s function and effect as well as the response of target
molecule. The understanding of the mechanism of action of peptide in a molecular level is
important, for example, this may be useful in developing the therapeutic strategy. Peptides are the
functional macromolecules which are actively researched among bio-related fields. Model
membrane systems that mimic the real cell have been useful platform to test the perturbation upon
peptide addition. In this thesis, we investigate the membrane modulation behavior of three peptides
(modulators) such as colistin, matrix protein, and N-endophilin on the model as well as real
membrane by using several experimental techniques.
Polymyxin-E or Colistin; first peptide we used in my thesis turns out to increase the
permeability of bilayer and impair the membrane of Gram negative (G (-)) bacteria is also known
as a class of an antimicrobial peptide (AMP). Understanding how AMP interacts with pathogens
is important in combating with the multidrug resistant bacteria. We are interested in the molecular
mode of action of colistin on lipopolysaccharides (LPS) containing model membrane and the G () bacteria in native state. LPS is a structural molecule presents in the outer leaflet of outer
membrane of G (-) bacteria which stands for their structural integrity. At the meantime, its inherent
property of bearing negative charge and hydrophobic center lead the central target for antibiotics.
Colistin being an AMP has become a last line of resort combating pathogens. Our ULV leakage
experiment showed the permeabilization of membrane in a concentration as well as LPS dependent
manner. Supported bilayer measurement by liquid atomic fore microscopy (AFM) reveled the
x

structural change in the form of nano to macro cluster formation on similar dependence. To address
the modulations caused by colistin binding to LPS; a lipid clustering model was proposed. We also
reported the morphological modulation on E. Coli upon in vivo exposure to the increasing
concentration of colistin by using dry AFM. The reaction of colistin against the bacteria was
examined considering two variables which play the role i.e. incubation period and the
concentration of peptide and elucidated the extent and the degree of bacterial membrane
modification. Finally, determination of physical parameter such as roughness of bacterial outer
surface and the measurement of their dimension using AFM images support the mode of action.
This provides an insight in understanding the mode of impairing the outer membrane and hence
mechanism of killing of the bacteria.
The second peptide we used in my study is a segment of matrix protein which turns out to
cause the lipid assemblage and membrane fusion. This protein has been known as the critical
component of structural poly-protein gag of HIV-1 virus. The matrix domain (MA) with
myristoylation motif of gag of human immunodeficiency virus type 1 is believe to be required in
general for assemble process of env protein during the viral particle production after the infection
of host cell. Here, we studied the broad spectral effect of 14-31 segment of MA alone i.e. MA14-31
on lipids which contains the highly basic region to play a critical role in targeting the lipids at
plasma membrane. We used fluorescence microscopy (FM) to observe the real time effect of
peptide upon its exposure to the model membranes in a vesicular form (i.e. Giant Unilamellar
Vesicle (GUV)). This test revealed the evolution of up to the micron sized vesicles around the
parent vesicles either leading to a breakage event or remain intact. Interestingly, this effect was
obtained to be specific to the lipids head and suppressed upon the involvement of cholesterol.
Atomic force microscopy (AFM) employed on the supported lipid bilayer (SLB) indicates the

xi

perturbation of the lipid by forming the transmembrane hole or rupture of depth ~5 nm and the
planar raised structure of height ~1 nm at their proximity. In addition to these features, the bilayer
which contains the anionic lipids showed an extra feature which appear to be the flake/bead or
bleb like structure of height ~5 nm on the top of bilayer structure. With the involvement of
cholesterol, the effect was suppressed quantitatively. Forster Resonance Energy Transfer (FRET)
revealed the fusion of nano sized anionic small unilamellar vesicles (SUV) which was further
quantified by Dynamic Light Scattering (DLS) and complemented by FM. The effect of MA14-31
in each measurement appeared to be consistent in general. With this observation, we purposed a
model of interaction to depict the membrane modulation and evolution of new features due to the
peptide. As this study suggests not only the independent potency of peptide without myristoylation
requirement for interaction, the specificity of target lipid’s head and the membrane stabilizing role
of cholesterol but also comprises the broad spectrum of the abilities of MA14-31 on model
membrane which may be helpful in assessing the overall function of matrix protein in viral
research.
The third peptide we used in my work is the helix 0 of N-endophilin which turns out to
change the membrane’s material property and create the local curvature on membrane. Nendophilin has been recognized as a functional protein enriched in the nerve terminal. NEndophilin belongs to BAR (BIN/Amphiphysin/Rvs) superfamily. Its N-terminal helix called as
helix 0 being the amphipathic in nature known to play a critical role in sensing and generating
membrane curvature for synaptic vesicles endocytosis by interacting with other proteins and lipids.
However, its actual role remain elusive and controversial. We used electron paramagnetic
resonance (EPR) spectroscopy to study the impact on H0-Endo on the material property of lipid
membranes such as mobility, bilayer polarity and acyl chain order. Upon addition of the H0-Endo

xii

on lipid liposome; we found that the lipid chain mobility is reduced whereas the bilayer polarity
of interior increased. This changes were explicit on anionic lipids as compare to the zwitterionic.
Interestingly, the involvement of cholesterol has in-between impact. Furthermore, we obtained the
decrease in order of lipid upon the measurement of lipid acyl chain orientation on magnetically
aligned bicelles. Specifically, the decrease fall in two linear trends i.e. gradual for low peptide to
lipid (P/L) ratio followed by that of dramatic (for high P/L). We also used atomic force microscopy
(AFM) and fluorescence microscopy to examine the perforation of supported bilayer and
remodeling of giant unilammelar vesicles respectively. The AFM reveled the formation of
transmembrane hole of up to the micron sized extension. The fluorescence microscopy on the other
hand showed the curvature generation in the form of mini vesicles as a cloudy stuff around the
parent vesicles. Thus our overall results present the helix 0 as a functional segment of N-endophilin
that can actively modulate the material property as depicted by proposed interfacial-bound model,
topographical disruption caused by competing adhesive force and line tension and the
morphological change in agreement with established wedge-type insertion theory.
The results of three peptides interacting with membrane show their functional ability for
membrane modulation which become useful to understand their mechanism of action and hence
this knowledge may be applied to the other peptides of similar nature.
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1.1

INTRODUCTION

Cell membrane
Cell membrane is a continuous barrier of the living cell. It is composed of lipids,

transmembrane or embedded protein, ions and carbohydrates. The schematic of typical biological
membrane is shown in figure 1.1 [1]. It separates the cells from surrounding cellular environment
and keeps the intra-cellular organelles intact [2]. It also regulates the transportation process [3] and
cell signaling [2]. Being the boundary of cell, it offers the binding (binding site) for external
molecules such as antibiotic, protein, peptide, drug, detergents and others. Cellular events such as
fusion, fission and endocytosis/exocytosis are pretty common across the membrane.
This complex compositional and dynamic nature of cell is understood by a well-known
model coined as ‘fluid mosaic model’ by Singer and Nicolas in 1972 [4]. This model describes the
cell membrane as a two-dimensional fluid composed of lipid bilayer where they are distributed
asymmetrically. However, it has some limitation such as membrane curvature, high density of
transmembrane protein and deviation from equilibrium [5].
Notice the term ‘lipid’ has been mentioned from the very beginning; now its time to
describe what this is in the context of membrane configuration. The membrane is composed of two
layers also known as bilayer. The fundamental unit in each bilayer is a molecule called lipid.
Therefore, the lipids are structural unit. The bilayer basically looks like a two layered-sheet made
of lipids along with the molecules as mentioned earlier. Lipids are amphipathic in nature. They are
attributed with two regions; head group and tail regions. Head group is hydrophilic and polar in
1

nature. Tails, being composed of fatty acid chain/s is hydrophobic in nature and link to the head.
While in aqueous medium, during the process of minimization of free energy for promoting selfaggregation, they exclude the water molecule in such a way that their tail region gets sequestered
interiorly whereas heads are exposed to water to form a bilayer in a different geometrical shapes
and the phase of lipid such as fluid or gel.

Figure 1.1 Schematic representation of biological membranes [1].

Lipids constitute a large and diverse group of bio-molecules. The membrane is generally
abundant in phospholipids (glycerophospholipid and spingophospholipid) and sterol (e.g.
cholesterol) and the trace amount of glycolipids. Glycerophospholipid is formed in a glycerol
backbone. Fatty acid tails linked to the sn-1 (typically 16-18 carbon atom long; saturated) and sn2 (typically 18-20 carbon atom long; unsaturated) hydroxyl group of glycerol backbone are further
linked to the phosphate containing head group. The phospholipids with both saturated and
unsaturated fatty acids establish a balance between membrane’s impermeability and flexibility [6].
Spingophospholipid is derived from the backbone sphingosine instead of glycerol. Cholinephospholipids (PC) for example POPC as shown in figure 1.2, ethanolamine-phospholipids (PE)
2

and serine-phospholipids (PS) are most common glycerophospholipids associated with the
mammalian bilayer membrane. In addition to PE, the glycerol-phospholipid (PG) is common
glycerophospholipids in bacteria. Similarly, PC, PS and sphingomyelin (SM; a type of
spingophospholipid as shown in figure 1.3) are common phospholipids in viral envelope. In terms
of charge, PC, PE, SM are zwitterion whereas PS and PG are negatively charged lipid. The bilayers
are asymmetric in general, for example in mammalian cell the outer leaflet is preferentially
occupied by PC and that of inner is occupied by amino-phospholipids (collective name of both PE
and PS) by aiming certain functions such as regulating membrane budding, structural stability of
a cell; yet, it is not clear how this initially arises [7].

Figure 1.2 Molecular structure of 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC); a
choline-phospholipid typically found in cell membrane. Image obtained from Avanti Polar
Lipids.

Phospholipids are attributed with their molecular shape [8]. Although the molecular shapes
are influenced by the surrounding environment, they are determined by the compatibility between
the size of polar head and the hydrophobic tail; in a full compatible state the lipid takes the
cylindrical shape if not, it either take conical (for large tail) or inverted conical (for small tail) [9].
The molecular shape of phospholipids such as PC and PS are cylindrical to shape the lipid into
planer bilayer. PE and lysolipid (Lyso-PC) are the example of conical (which forms negative
3

curvature) and inverted conical (forms positive curvature) lipids respectively [10]. In biophysics,
the term ‘packing fraction of lipids’ is used to deal with all these kind of shape of the lipid
molecule. The determination of the bilayer’s shape in turn is related with the cellular functionality
[11] for example: fusion, endocytosis etc.

Figure 1.3 Molecular structure of sphingomyelin (SM). Image obtained from Avanti Polar Lipids.

The membrane also contains the cholesterol (Chol); type of sterols, another class of lipid.
It is also an amphipathic molecule. The structure of Chol consist body of large, rigid, hydrophobic,
planer, fused-ring nucleus, a small polar hydroxyl head and the short, flexible hydrocarbon tail as
shown in figure 1.4. As compared to phospholipid, it is different structurally, however,
amphipathic in nature is a common. Chol occupies a significant percentage in cell membrane for
example: mammalian cell contain 25-50% Chol/phospholipid ratio. It is well known for membrane
stabilizer. It is also an important ingredient for the raft formation [12] where the term ‘lipid raft’
is a small, heterogeneous, highly dynamics domain specialized for cellular functions [13]. A recent
report accounts the Chol in depth as-its effect on mechanical and structural property of lipids
depend upon their acyl chain saturation [14].
As briefly mentioned earlier, the phase of lipid is broadly classified in two states of matter
i.e. fluid phase (Lα phase) above the characteristics temperature called phase transition temperature
(Tm) and two dimensional solid or the gel phase (Lβ’ phase) below the Tm. The gel phase is

4

characterized by slow translational diffusion and tightly packed with saturated acyl chains. The
liquid phase is further characterized by well-defined properties such as liquid ordered phase (Lo);
possessing a fast diffusion, high acyl chain order, having large fraction of saturated acyl chain
often associated with the raft and the liquid disorder phase (Ld); possessing a fast diffusion, having
large fraction of saturated acyl chain but low in acyl chain order [15].

Figure 1.4 Molecular structure of cholesterol (Chol). Image obtained from Avanti Polar Lipids.

Lipid bilayer in general is regarded as a liquid crystal (fluid or Lα phase). Branches of
physics such as soft matter, material, polymer and statistical are used to deal with this property of
material. Furthermore, due to their biological origin and of chemical in nature, it has been a hot
topic in interdisciplinary research.
Since, this particular study accounts the biophysical aspect of a membrane or bilayer, it is
relevant to talk about the physics of this material. Like a thin elastic sheet, mechanical property of
a bilayer is attributes by an area compressibility modulus (KA) and bending rigidity (κc) which are
related to stretching and bending respectively. Lateral structure of the lipids are characterized as
an area (A) which is defined as interfacial area per lipid molecule e.g. 47.9 A2 for gel phase DPPC
lipid (1,2-dipalmytoyl-sn-glycero-3-phosphocholine; a type of PC lipid) and Dc indicates the
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length of hydrocarbon chain (except for carbonyl-carbon which has substantial hydrophilic
character) and hence 2Dc turn out as a total length of hydrocarbon region. The transverse structure
(DB) gives the full thickness of bilayer region [16]. The structural parameters varies as a function
of temperature [17]. Based on area and height and area, volume (VL); a pivotal quantity is often
defined as: ADB = 2VL [16]. The surface property of the given lipid surface is expressed in terms
of roughness (Rq) and may be obtained by the difference of actual height and the fitted height of a
given surface. The bilayer polarity (Φ) which is an important material property signifies the
existing polarity gradient across the lipid bilayer. Dynamic properties such as mobility indicates
fluidity or the viscosity of lipid species is influenced by the packing of lipids. Orientational order
(S20) indicates the information of average orientation of chemical bonds or the segment of lipids
and its assembly [18]. The phase transition temperature (Tm) of lipids as mentioned earlier is a
thermodynamics property which determine the phase of lipid for example: Tm of DOPC (1,2dioleoyl-sn-glycero-3-phosphocholine; a type of PC lipid) is -20oC is in the fluid phase at room
temperature (RT) and that of DPPC is 41oC which in turn in gel phase at RT. So at RT, the mixture
exhibits the coexistence of liquid/gel phase where liquid phase is enriched in DOPC and gel phase
is enriched in DPPC [19]. The bio-chemical property such as binding affinity is used to determine
the affinity of external molecule such as protein, peptide to the bilayer and the fusogenic property
indicates the tendency of fusion. The bio-physical properties such as assemblage of lipids and
budding of the membrane may be related with the continuum properties such as lateral tension,
bending rigidity, monolayer/bilayer spontaneous curvature. In case there is an interaction of
external molecule with lipids bilayer, this phenomenon is usually sought in the form of
electrostatic, hydrophobic, lipid head specific etc.
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These properties are quantified by using various experimental tools such as Fluorescence
Microscopy (FM), Atomic Force Microscopy (AFM), Transmission Electron Microscopy (TEM),
Scanning Electron Microscopy (SEM), neutron scattering, x-ray diffraction, Circular Dichroism
(CD), Nuclear Magnetic Resonance (NMR), Electron Paramagnetic Resonance (EPR),
spectrometer etc.

1.2

Bacterial membrane
Bacterial envelop of both Gram positive (G (+)) and Gram negative (G (-)) defines the

shape and size of bacteria and plays the critical role in various physiological process for their
survival and adaptation as shown in figure 1.5. For the biophysical study, the E. Coli represents a
model G (-) and the B. Subtilis is considered as an example of G (+) bacteria. The bacterial
envelope consists of inner ‘cell membrane’ and outer ‘cell wall’. The inner cell membrane or an
inner lipid bilayer in any cases of bacteria is primarily composed of phospholipids such as: PE, PG
(as mentioned earlier), cardiolipin, lipoproteins and divalent cations. It is symmetric in nature.
The cell wall of G (+) bacteria consist of several layer of peptidoglycan contributing the
thickness of ~20-80 nm. Each peptidoglycan is composed of repeating monosaccharides as a
building block. It also consists of lipoteichonic acid which is inserted to outer leaflet of cell
membrane and the wall teichoic acid which cross linked to peptidoglycan through a linkage unit
[20]. Peptidoglycan float on the viscous compartment called periplasmic space but linked through
the lipoprotein to the bilayer. Peptidoglycan is the center where the cellular mechanics are
attributed. The Lipoteichonic acids are related with the physiological growth and overall
development of bacteria. The wall teichoic acids are related with cellular division and cell shaping
[21].
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Figure 1.5 Depiction of Gram-positive and Gram-negative cell envelopes: CAP = covalently
attached protein; IMP, integral membrane protein; LP, lipoprotein; LPS
lipopolysaccharide; LTA, Lipoteichoic acid; OMP, Outer membrane protein; WTA, wall
teichoic acid [22].

The cell wall of G (-) bacteria on the other hand consists of only a few layers of
peptidoglycan contributing ~4 nm thickness. In addition to this, an extra bilayer called ‘outer
membrane’ is also expressed in the cell wall of G (-) bacteria. So, in terms of number of lipid
bilayer while G (+) bacteria consists of one bilayer, the G (-) has two. The outer membrane is
asymmetric in lipid distribution. Whereas the inner leaflet of this outer membrane has similar
composition of phospholipids, lipoproteins and divalent cations as the inner cell membrane, the
outer leaflet is also composed of similar ingredients but highly enriched in lipids molecule called
lipopolysaccharide (LPS). This outer membrane also includes the porins which allow the passage
of small molecules across the membrane. The LPS attributes the structural integrity and
endotoxicity [23] and the front liner of initial interaction of external molecules such as peptide,
drug etc. It is noted that, the formations of membrane in any cases involves two kind of driving
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forces i.e. the electrostatics force between charged polar head group of lipid and their association
with divalent cations and the van der Wall force between adjacent fatty acyl chain [24].
The molecule ‘LPS’ is a central interest in one of our projects. So it is relevant to introduce
the chemical structure of LPS in detail. LPS consist of three main regions i.e. Lipid A, Core (inner
as well as outer) and the O-antigen repeat or O-polysaccharide chain. Lipid A portion has 5 as in
case of C. Trachomatis or 6 in case of S. Typhimurium fatty acid chain (unlike phospholipid which
has 2 saturated- unsaturated) linked to glucosamine disaccharide backbone with 2 of 6 fatty acids
linked to 3 hydroxygroup of another saturated fatty acid, meaning four acyl chains are attached
directly to that backbone as shown in figure 1.6 [25]. Glucosamine disaccharide backbone
contributes the negative charge to this molecule. Acyl chain length and number group may vary
from species to species but remain constant within a species [25] and are responsible for
hydrophobicity. Thus, lipid A portion of LPS is hydrophobic anchor which overall stabilize the
outer membrane and is the center for endotoxicity. Thus bearing the negative charge and
hydrophobic character, the LPS becomes the target of the lipopeptides (linear or cyclic).
The inner core domain of this molecule consists of unusual sugars i.e. 1-4 Kdo (3-deoxy-Dmanno-octulosonic acid) alone and can be modified with Hep (L-glycero-D-mannoheptose) [26].
However the number of Kdo and Hep in this region remain conserved too. On the other hand, the
diverse outer core is composed of common glucose hexose including glactose as well as glucose
and N-Acetyl Glucosamine. An O-antigen; the outermost part is composed of repeating
oligosaccharide subunits composed of up of 2 to 6 sugars such as N-Acetyl Glucosamine, NAcetyl Glactosamine and Glactose. This domain is highly variable in terms of composition and
number of repeated units [27], [26]. As the membrane of bacteria represents a macromolecular
complex, it has its own mechanical, structural and surface property to keep the bacteria intact. The
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initial interaction of bacteria with external molecule is responded by the cell membrane. So the
membrane modulation such as change in morphology, mechanical property, dimension and
roughness of bacteria due to the interaction may be expected.

1.3

HIV-1 virus
HIV is the acronym for Human Immunodeficiency Virus which belongs the class

‘Retrovirus’ and the gene ‘Lentivirus’. This virus needs host to transmit and causes the pathogenic
effect on it by attacking its immune system [28]. A typical HIV virus is spherical shape of ~100
nm, enclosed by lipid membrane envelope (plasma membrane) as shown in figure 1.7. Being the
enveloped virus, the membrane protects its genome. HIV genome has several genes to encode the
protein, of which three (i.e. glycoprotein (Env), gag and pol) are important due to their functional
contribution.
This virus undergoes two major processes for their life span process i.e. invasion to the
host cell and the formation of viron (viral budding) after infection. The former process is
accompanied by the structural protein called glycoprotein through the fusion process. The later
process is governed by another structural protein called gag polyprotein due to the cooperative
role of its distinct domains. Of course, the DNA transcription from RNA template and their
integration with host cell; a major step is carried out by reverse transcriptase and integrase
respectively coded by the gene pol.
The viral envelop is a bilayer in an asymmetric lipid distribution composed of Chol,
protein, phospholipids; a major lipid ingredient as comparable as host [29]. However, it has been
shown that the actual phospholipids profile and fluidity differs significantly compared to host cell
in which they are grown which suggest the selective sequestration of lipids involving during the
budding process govern by viral protein to select the specific domain during the maturation [30].
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Figure 1.6 General structure of Gram-negative LPS [26].

The compositional distinction in particular is due to the enriched amount of SM, PS (as
mentioned earlier) and phosphatidylinositol-(4,5)-biphosphate PI(4,5)P2 [31]. Altogether, it is an
indication of two important things to be considered for this virus i.e. peculiarities of the lipids
profile with their dynamics and the role of protein. The protein as a whole may be divided as a
functionalize units. For example, the gag polyprotein’s three domains as shown in figure 1.8(A) is
cleaved by viral protease i.e. matrix protein (MA), capsid (CA) and nucleocapsid (NC) are related
functionally with binding, assembly and packaging of RNA [32] with few linkage of unknown
function during the late phase. Similarly, glycoprotein (gp160) as shown in figure 1.8(B) is
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comprised of gp120 and gp41 which has the role of attaching to CD4 receptor and embedding the
viral particle respectively.
In terms of the availability, the glycoprotein is found embedding in the membrane envelope
and whereas gag lies underneath the inner leaflet of membrane to extend up to center, specifically
the MA lies proximally often modified by the attachment of myristic acid (i.e. MA-myr) at its Nterminal [33].

Figure 1.7 A representation of the HIV-1 virus. The HIV virion is enclosed by a viurs envelope
studded with Gp 160 proteins. Gp 160 comprises wto associated envelop proteins, Gp 120,
a surface glycoprotein, and Gp41, a transmembrane component. The matrix is located
between the virus envelope and the capsid, which contains the viral RNA, enzymes and
nucleocapsid proteins (illustration: Neeska Alexander) [34].

The efficient binding of gag to the membrane is sensitive to the lipid composition, net
charge of lipids and the hydrophobicity of acyl chains [35], membrane order and recognition of
specific lipid head-groups [32]. The segment MA or MA-myr may be of particular interest in the
modulation of membrane because of its position and the charge as well as hydrophobic contain.
1.4

Model cell membrane
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Due to the complex nature of biological cell membranes which are composed of
phospholipids, Chol and proteins of specific function, it is difficult to study the interaction with
external molecule in their native state. Furthermore, obtaining the exact replica of such a
membrane is challenging which leads us to prepare and use a simple model membrane.

Figure 1.8 Schematic of Gag and Env proteins. (A) Gag is the protein primarily responsible for
driving particle assembly; it interacts with the cytosolic face of the membrane via MA and
forms a lattice via CA-CA interactions. NC recruits the viral genomic RNA, which in turn
contributes to Gag lattice formation. Following the formation of a viral particle, late
domains in p6 recruit the cellular endosomal sorting complex required for transport
(ESCRT) machinery to achieve membrane scission and complete viral budding. (B) Env is
a transmembrane protein, with gp120 displayed on the extracellular side of the cell or viral
membrane. Gp41 has an ectodomain that interacts with gp120, a transmembrane region
and a long tail that is thought to interact with the cytoplasmic face of the PM. Lentiviral
lytic peptides (LLPs) are predicted to be amphipathic, membrane-associated, α-helices.
MA, gray; gp120, blue; gp41, green; gp41 transmembrane domain, yellow. Abbreviation:
CA, capsid; Env, envelope; MA, matrix; NC nucleocapsid; PM, plasma membrane [36].

The model membrane can be tuned in different ways for the objective of biophysical study
such as by varying in-the number and nature of lipids, the symmetry in membrane, degree of
confirmation and intrinsic mechanical properties as summarized in figure 1.9 [37].
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Devising a simple and symmetrical model cell membranes in our purpose are composed
up of a minimal number/type of lipids without embedded protein. The significance of using such
a system is that-the individualized effect due to the interaction of peptide can be achieved. The
most commonly used experimental model membranes are: (a) vesicles [38], [39], (b) supported
lipid bilayer (SLB) [40], [41] as shown in figure 1.10 and (c) bicelles [42] as shown in figure 1.11.
1.4.1 Lipid vesicles
Vesicles or liposomes are the simplest model that mimics the actual biological cell
membrane in various aspects such as configuration, size and composition etc. Vesicles are the
entity obtained by a self-assembled process due to the hydration of phospholipids film. This is
possible only because of the amphipathic nature of phospholipids. Vesicles can be categorized in
terms of laminarity and or the size. The vesicles made of multilayered bilayer are known as the
multillamelar vesicles (MLV) where as those formed by only one bilayer are called as unillamelar
vesicles (ULV or liposome; although liposome is a general term to represent the vesicles; often
used to refer the ULV alone). Unillamelar vesicles can be prepared by using different methods
such as sonication [43], [44], extrusion [45] and electro-formation [46].
Depending upon the size of vesicles, they are classified as small unilammelar vesicles
(SUV), large unillamelar vesicles (LUV, they are often known with generalized name i.e. liposome
or ULV) and giant unillamelar vesicles (GUV). The size of SUV, LUV and GUV lies in the range
of <100 nm, 100-1000 nm and >1000 nm respectively. Vesicles are used in various applications
such as membrane interaction with external molecule (peptide, drug etc.), drug delivery, and
structural as well as mechanical property of cellular membrane [Khadka, 2017 #455] membrane
organization and the phase behavior of involved lipids [Khadka, 2015 # 460].
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Figure 1.9 Schematic summarizing some of the cellular components and biological phenomenon
that have been studied using artificial cell mimics [37].

In our work, vesicles have been used to study the peptide interaction which leads to change
the structural property and membrane organization. Thus, vesicles provide a well-defined lipid
matrix that resembles a close-to-native state and very useful platform in studying the physics of
bio-membrane [47] however it has some drawbacks such as low thermodynamic stability and
offers only one side for the interaction to the external molecules. Furthermore, as compared to
SUV, GUV yielding is low and are venerable to the mechanical stress.
1.4.2 Supported lipid bilayer
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Solid supported bilayer (SLB) are the flat bilayer membrane created by lipid vesicles fusion
[41] or monolayer deposition by Langmuir technique [48] or rehydrating spin coated lipid surface
[49] on the top of firm substrate like silica, mica, glass [50]. Unlike the free floating vesicular form
of model system, it serves as a surface confined model system. This model bilayer along with the
previous one are in practice after mid 19’s [51]. The size of supported bilayer is indefinite. The
height of bilayer depends upon the size of lipid molecule for example POPG bilayer has a height
of ~ 4 nm [52]. It may be accompanied by some defects possibly due to the thermodynamics
requirement during the formation. It has been found that there exist an aqueous interface of ~1-2
nm between the lipid head of lower leaflet and the top of substrate [53]. SLB are used in similar
purpose as vesicles, however less realistic physiologically as compared to them. SLB are very easy
to prepare and relatively stable. In our works, we obtain SLB by vesicles fusion on the top of mica
disk and are used to study the morphological change caused by peptide. As vesicles fusion involve
the rupture of vesicles to form a patch and hence evolution of complete bilayer. It has been shown
that, the vesicles fusion process is mainly governed by van der Walls and electrostatics interaction
and the spreading is driven by van der Walls force [50]. Note that the fusogenic agent e.g. CaCl2
are often added to accelerate the fusion process [54].
1.4.3 Bicelles
Bicelles are also known as bilayered micelles (note that: micelles are amphipathic colloidal
structure of single layered, preferentially formed by lipids of short acyl chain having cylindrical
geometry). Bicelles are formed by two components of phospholipids; of one long-chain and the
other short-chain where first forms the central planer part and the second forms the rim in such a
way that it saves the acyl region of long chain from aqueous surrounding as shown in figure 1.11.
Bicelles are basically the discoidal lipid aggregated model membrane. The most popular model in
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practice commonly uses a mixture of DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine)
which represents the long chain and

the short chain DHPC (1,2-dihexanoyl-sn-glycero-3-

phosphocholine) [55].

Figure 1.10 a The phospholipid bilayer and related structures: multilammelar vesicles (MLVs),
small and large unilammelar vesicles (SUVs, LUVs) and giant unilamellar vesicles
(GUVs). b Geometrical models of lipid molecules including conical lipids, e.g., lysolipids,
phosphoinositides (PIs), and cyclic lipopeptides (cLPs), as well as cylindrical lipids
forming lipid bilayers and unilammelar vesicles with typical intrinsic curvatures [56].

The stability of this liquid crystal system depends upon the factor q, protocol of mixing the
lipids, temperature and the ionic strength [57]. Where, q is defined as the molar ratio of DMPC
and DHPC i.e.
𝑞=

𝑚𝑜𝑙𝑒 𝑜𝑓 𝑙𝑜𝑛𝑔 𝑐ℎ𝑎𝑖𝑛 𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑙𝑖𝑝𝑖𝑑
. … … … … … … … … … (1.1)
𝑚𝑜𝑙𝑒 𝑜𝑓 𝑠ℎ𝑜𝑟𝑡 𝑐ℎ𝑎𝑖𝑛 𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑙𝑖𝑝𝑖𝑑
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Figure 1.11 Two-dimensional projection of bicelles and chemical structures of DMPC and DHPC
[58].

Compared to previously mentioned model membranes, bicelles provide physiologically
suitable mode of test membrane. They are not only highly stable but also offer any side for peptide
interaction. Bicelles can be aligned magnetically. They are popular model particularly to
investigate the structure, dynamic and interaction of external protein not only in Nuclear Magnetic
Resonance (NMR) [59] but also in Electron Paramagnetic Resonance (EPR) study. Specifically,
in our case bicelles prepared by using DMPC and DHPC with q = 3.6, temperature 308 K are
aligned in the magnetic field by using TmCl3.6H2O to study the lipid chain orientational order
caused by the peptide H0-Endo as measured by EPR.
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Figure 1.12 Molecular structure of (a) POPS and (b) POPG. Images obtained from Avanti Polar
Lipids.
Thus, in our experiment, along the live bacteria E. Coli’s cell, all three kinds of model
membranes by utilizing the relevant lipids [60] such as POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3phospho-l-serine (POPS), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (POPG),
Chol, fluorescence lipids and LPS were prepared. Whereas, POPC and or mixture of POPC and
Chol were considered as the representative bilayer to mimic the outer leaflet, the compositions of
POPC with POPS or POPG (figure 1.12) and or Chol were used as an inner leaflet of cell
membrane. In a given composition, we tried to mention the lipid fraction in terms of mol% or
weight/weight as close as physiological. Note that, the model membrane prepared with those
methods were turn out to be symmetrical in nature.
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1.5

Compounds used

1.5.1 Colistin
Colistin, also known as polymyxin E is a member of polymyxin class antibiotics that had
been widely used in clinics for about a dozen of year after 60s. Due to several incidence of neuroand nephro-toxicity [61], it was prescribed for couple of decades, however, its effectiveness
against the multidrug resistant pathogens gave a recognition again and hence brought it as a ‘comeback for the last line of defense’.

Figure 1.13 Chemical structure of colistin. The amphipathic peptide is composed of a heptapeptide
macrocycle, an exocyclic tripeptide, and an acyl tail. Colistin has two hydrophobic
domains, including the acyl chain and the hydrophobic patch of the macrocyclic at
positions 6 and 7. Cationic DABs are located at positions 1, 3, 5, 8, and 9 [62].
Polymyxins are non-ribosomal, lipo-cyclic peptide; initially obtained from the Grampositive bacteria Paenibacilluspolymyxa (also known as Bacillus polymyxa). Polymyxins are decapeptides having a hepta-peptide ring structure and linear tri-peptide linked its N-terminal to a fatty
acid tail [63]. The panta-cationic nature of polymyxin emerges from the L-diaminobutyric acid (LDab) residue which resides at position 1, 3, 5, 8 and 9. Amphiphilic nature in this antibiotic arises
from this positive charges and fatty acid tails [64]. The difference of Polymyxin B (this is a class
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which is generally used as a model compound for study) and colistin (Polyximyn E) is the presence
of amino acid D-phenylalanine and D-leucine (at 6th position starting from N-terminal)
respectively in polypeptide ring [65]. For a peptide to play effective role against pathogens, it is
expected to possess a duel property such as cationic; promoting the interaction with both
membranes of cells and hydrophobicity; increasing the binding of peptide with hydrophobic core
of lipid [66], colistin fulfills both requirements. The molecular structure of colistin is shown in
figure 1.13.
1.5.2 The 14 to 31 segment of matrix protein (MA14-31)
After the infection of target cell caused by HIV-1 virus, viral particles assemble, bud and
hence get released into the environment. Of three classes structural proteins encoded by the HIV
genome (i.e. env.,pol., and gag.), the gag poly-proteins which originally underlie the inner leaflet
of viral lipid envelope plays the crucial role in building a new virus through assemblage of different
components such as lipids, viral RNA etc. on the plasma membrane and in the cytoplasm of an
infected cell. Gag is expressed as a polyprotein precursor Pr55Gag and known to be the gag
precursor, comes to cleaved by viral protease to multipartite entities such as: matrix (MA), capside
(CA), nucleocapside (NC) and P6 with often connected by interspersed peptide (SP1 and SP2) of
unknown function (i.e. MA (myr-MA) – CA – NC – p6)) [67]. All those pieces of gag plays an
important role in cooperative and stepwise manner to make a retroviral particle production
successful [68]. Here, we are particularly interested to consider the MA segment due to its
functionality and the occurance. MA is the terminal region of this protein that comprises the
sequence of 131 amino acid or may be modified with ‘myr’ (myristate tail or also called as
myristoyl moiety or N-myristoyl moiety (addition of the 14-carbon saturated fatty acid myristate
at the N-terminal glycine residue)) at its N terminus. This unit of protein plays a crucial role to

21

interact by targeting and binding the gag with plasma membrane (PM) and to incorporate the env
protein; particularly the MA is required to target the PM whereas myristoyl moiety is for effective
binding which is essential for viral assembly [67], [69]. The reason behind this could be their
inherent characteristics i.e. while MA consists of basic domain and capable to interact
electrostatically with acidic phospholipid; the myristoyl moiety promotes membrane binding
hydrophobically [70]. So the particular segment which includes the basic domain also known as
highly basic region (HBR) is from 14 to 31 (MA14-31 onward). The amino acid sequence of this
region is:

14KWEKIRLRPGGKKQYKLK31,

whereas Lysine (K) contributes the positive charge

[71], the Leucine (L) and Isoleucine (I) [72] are responsible for hydrophobicity. In this dissertation
work, we are interested in the membrane modulating behavior of MA14-31.
1.5.3 Helix 0 of N-Endophilin
N-Endophilin is a conserved domain of endophilin (a broad name having several
subfamilies) which is one of the families of BAR (Bin/Amphyphysin/Rvs) heterogeneous superfamily cytoplasmic protein recognized for cellular trafficking not only plays a crucial role in a
variety of essential biological function such as synaptic vesicles endocytosis, apoptosis, receptor
trafficking etc but also may link to cancer and other neurodegenerative disease upon misregulation
[73]. One of the key mechanisms BAR family proteins use for the purpose to achieve are the
sensing [74], binding and the generation of high membrane curvature [75] upon the interaction
with the membrane.
Endophilin; a whole molecule is comprised of two distinct regions: N-Endophilin (N-BAR)
and C-terminal. We prefer to test purely H0 (H0-Endo onward) content of N-BAR by excluding
both main body (BAR domain with appendage) as well as the C terminal also known as SH3 [76]
of N-Endophilin molecule for the purpose of our study because the structural motif H0-Endo has
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been gaining people’s attention not only due to the fact that it is common in many proteins and
possess amphipathic character but also mediate and or predicted to work independently to remodel
the membrane.

Figure 1.14 The crystal structure of rat endophilin A1 (PDB ID code 2C08) dimer (subunits are
colored yellow or blue). The n-termini (H0) and insert region are schematically illustrated
as cylinders to indicate their ability to become helical upon membrane binding [77].

The N-endophilin upon contact with membrane is found to get dimerizes as shown in figure
1.14 where H0-Endo plays role for its stability [78] depending on the strength of anioncity of that
membrane [79] or upon lipid binding [74]. Upon membrane contact, the helix itself is stabilized
by immersing the hydrophobic side chain into the lipid’s interior, whereas residue with positive
charge interacts with phosphate group of the corresponding lipids [80]. This critical functioning
portion

‘H0-Endo’

has

the

first

1MSVAGLKKQFHKATQKVSEKVGGA24
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amino

acid

sequence

as:

(also see e.g. Protein Data Bank (PDB) ID code

1X03, 2C08 etc.).

1.6

Interaction of peptide with lipid
Peptides are the chain of small number (≤50) of amino acids linked by peptide bonds and

bears the charge and hydrophobic character. The structure of peptides usually starts with N-
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terminal (amine group) and end with C-terminal (carboxyl group). They often undergoes post
translational modification e.g. myristoylation. They are essential component for physiological
process of cell’s life. Peptides are critical because they are the functional unit and may possess two
opposite property i.e. life saving and killing for example antimicrobial peptide (AMP) can be used
to kill the bacterial cells whereas MPER (Membrane Proximal External Region of HIV-1) peptide
and N-Endophilin binding to the lipid membrane serve for the invasion to produce the new lives
of HIV-1 virus and assist for endocytosis respectively. Indeed in a biophysical term, binding of
peptide may modulate the material properties of bilayer, including the permeation [81]. Bearing
the amphiphilicity in nature, they interact with lipid electrostatistically, hydrophobically and or
with same unknown mechanism because lipids being the fundamental unit of cell’s structure are
also attributed with similar characters. In terms of biophysical prospective, the interactions are
expressed as the change in mechanical properties such as area compressibility modulus (KA) [39],
permeability/leakage (%) [53], curvature and hole/depth formation, surface properties such as area
(A) and roughness (Rq), material properties such as bilayer polarity (Φ), dynamic properties such
as mobility, fluidity [42] and orientational order (S20), bio-chemical properties such as binding
affinity [15] and fusogenic, bio-physical properties such as assemblage, budding [19] etc. In order
to obtain the synergistic effect of the peptide, two or more peptides can be applied for the
interaction [82]. It is also noted that some functional segments of a protein are also considered as
peptide. Peptide may have wide spectrum of effect upon lipid interaction [19] because of the fact
that they contain the amino acids bearing different property. The peptide may form different
secondary structure (i.e. α-helix, β-like conformation etc) upon the membrane contact (membrane
mediated) to make the interaction accessible and the effect often depends upon their concentration.
It is noted that, peptides with similar conformation irrespective to their origin may be expected to
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govern with similar action of mechanism upon contact with lipids [83]. The interaction is generally
understood by two-state model [84], [85]. No matter what the specification of peptide and the
nature of lipids are, peptide’s interaction with the lipid is assumed to be similar energetically [86].
Thus, being the interaction between peptide and lipid as a natural process; the study of
perturbation in a vitro setting may help to understand the mechanism of action. In this dissertation,
we try to explore the interaction of three functional peptides (compounds) as the membrane
modulator with different lipid compositions that mimic the biological cell by using a varity of
instruments.

1.7

Motivation
The aim of this dissertation is to study the membrane modulation activity of peptide such as

lypo-cyclic peptide colistin (Polymyxin-E), 14-31 segment of matrix protein of HIV-1 (MA14-31)
and the helix H0 of N-Endophilin (H0-Endo) on the model membrane that mimic the biological
cell membrane. So, we would like to express our motivation behind each study in the following
paragraphs.
Colistin is one of the few antimicrobial peptides that has been approved by Food and Drug
Administration (FDA) for therapeutic application. In the context of emergence of pathogenic
resistance for several other antibiotics, there is not known resistance for colistin yet. However, this
cannot be rule out in future. There are many studies carried out on the member of similar family
of polymyxin i.e. Polymyxin B as a model peptide, however, very few on the colistin itself.
Furthermore, the molecule LPS of gram negative bacteria which regulates the permeabilization,
stability and endotoxicity is thought to be a potential target of colistin. However, the mechanism
of action is not yet known fully. So, understanding the perturbation caused by colistin against this
molecule is important to understand the overall distributive mechanism of outer membrane of gram
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negative bacteria or the deadly pathogens. As many study is carried out using the vesicles form of
model system; AFM on the bilayer based study would be an additional advantage in understanding
the detail of perturbation in nano scale. Finally, comparative study of the effect on model bilayer
with on the actual bacteria will aid further insight of the action of colistin in depth.
Matrix protein (MA); a terminal region of gag poly-protein which is one of the structural
proteins of HIV-1 is critical for budding process of virus after the infection of host cell. This
particular segment (MA) is thought to assist in assemblage of lipids and associated proteins for the
formation of viral envelope which is all due to its charge carrying nature and the proximity with
membrane. However, the actual mechanism of action remains to be elucidate. Studies have shown
that a myristoyl moiety on the terminal matrix protein plus the particular segment also known as
highly basic region are active among within this long chain of MA. Furthermore, the action of this
segment is selective to the head group of PI(4, 5)P2; a main lipid ingredient on viral envelope
which carries the negative charge. So, it is important to examine the capability of the segment
MA14-31 alone on the system that carries the minimal composition of relevant lipids, to compare
the intensity of effect against charge carrying versus natural lipid, to test its selective with lipid
other than PI(4, 5)P2 and to know its modulating response over the cholesterol containing
membrane to evaluate its functional ability. In the context of peptide possesses the spectrum of
effect, examination of its action to aid in the fusion process because of its physical proximity with
the glycoprotein may be another aspect to characterize the modulating behavior of this peptide.
All in all, the knowledge of the interaction of this highly basic region MA14-31 in a molecular level
will be helpful to illustrate how MA may be relevant in modulating virus production.
Endophilin, a family of BAR domain protein mostly enriched in nerve terminal is critical
for endocytosis process. The particular segment, first 24 amino acid of N-terminal forms a helical
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structure known as helix 0 (or H0-Endo) upon the membrane contact which is well known as a
membrane sensor that assists the whole protein for its functioning. However, studies have shown
a non-uniform results on its role and even contradictory in some cases for example its independent
role on curvature sensor and or curvature generation. So in this context, it is relevant to examine
the role of H0-Endo on its ability to generate the curvature with full of evidence. Furthermore, due
to the interaction of helix to the membrane, the extent of the change in material properties of lipid
bilayer is also important to understand its mechanism of the membrane modulation in detail.
Finally, understanding the role of helix 0 would be critical not only for endophilin functioning but
also for other BAR family protein and even for the similar helix of non-BAR origin.
Notice, this dissertation consists of wide variety of studies which covers viral, bacterial and
mammalian membrane and different kind of interacting macromolecules. However, the common
aspect of all cases is to elucidate the biophysical interaction between two parties i.e. the first party
is represented by the peptide and that of second is by the membrane with an objective of
understanding the mechanism of action. Elucidating the action in a molecular level has wide scope
for example this may allow us to develop resistant free antibiotics, antiviral drug, drug delivery,
biosensor, understand the endo- as well as exo-cytosis, disease mechanism etc.

1.8

Dissertation overview
As this dissertation focuses on the biophysical approach of the interaction of three

representative molecules with biological model membrane, it is compiled in the following
sequence:
Chapter 2 contains the experimentation which includes the compounds and stock solution,
the method of sample preparation and the techniques of measurement.
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Chapter 3 deals with the study of interaction of colistin with model membrane consist of
LPS as well as with the bacterial cell (E. coli). Three aspects of perturbations caused by colistin
are discussed such as: vesicles leakage experiment to obtain the permeability of vesicles, planer
membrane modification that depends upon the strength of colistin and amount of LPS and the
morphological change in bacteria as observed by AFM.
Chapter 4 deals with the study of membrane modulation caused by the MA14-31 of HIV-1
matrix protein on model membrane. This consists of perturbation caused by MA14-31 on GUV and
SLB of various lipid compositions as measured by FM and AFM respectively. In addition, this
study covers the vesicles fusion caused by this peptide on SUV as measured by FRET
spectroscopy, confirmed by DLS and complemented by FM.
Chapter 5 deals with the broad spectral activity of H0-Endo on model membrane such as:
material property modification as measured by EPR and the curvature generation on GUV and
transmembrane holes formation on SLB as observed by FM and AFM respectively.
Chapter 6 consists of summary and future direction.
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2

2.1

EXPERIMENTATION

Introduction
Our study deals with the experimental investigation of the interaction of macromolecule such

as peptide with the model membrane to elucidate the bio-physical mode of the mechanism of
action. For this to achieve, the macromolecules of reasonable strength in one hand and the model
membranes on the other hand were prepared by using various type of lipids in different forms such
as vesicular (e.g. SUV, GUV and UVL), planer (e.g. SLB) and bicelles. We also used E. Coli as a
model bacteria to study the interaction with the peptide colistin specifically. The perturbation
caused by the molecules on membranes were measured qualitatively as well as quantitatively by
using different instruments such as FM, AFM, spectrometer, DLS and EPR.
This chapter begins with the detail of the source of lipids, macromolecule and compounds
as well as their stock solutions. The procedure of preparing the model bilayers and the bacterial
(E.Coli) sample along with the methodology and instruments are explained in detail. This chapter
ends with a brief note on the software programs and the procedures applied to interpret the obtained
data.

2.2

Compound’s source and their stock solutions
POPC, POPS, POPG, DHPC, DMPC, Chol, 1, 2 dipalmitoyl-sn-glycero-3-

phosphoethanolamine-N-(7-nitro-2-1, 3-benzoxadiazol-4-yl) (ammonium salt) (NBD-PE or NNBD-PE) and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B
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sulfonyl)(N-RH-PE or Rh-DPPE) were purchased from Avanti Polar Lipids (Alabaster, AL). Stock
solutions of lipids were prepared by dissolving the powders in organic solvent (chloroform).
Calcein disodium salt was bought from Fluka analytical. LPS and Colistin sulfate powder were
purchased from Sigma-Aldrich and Alfa Aesar respectively. LPS was dissolved in ultrapure water.
LPS was phenol extracted from P. aeruginosa (based on information provided by vendor). The
source of strain was ATCC 27316. Colistin sulfate was dissolved in both ultra-pure water and 10
mM HEPES, 45 mM Sodium Chloride pH 7.4 buffer. E coli (ATCC 25922) was obtained from
obtained from Dr. Jianfeng Cai group, Department of Chemistry (USF, Tampa, FL). Its stock was
saved at -80oC in 50% (volume/volume or v/v) glycerol. Luria Broth (LB), Miller was provided
by Fisher bio-reagents. Its stock solution was prepared in ultrapure water. The spin label 5-doxyl
stearic acid (5-SASL), TmCl3·6H2O, and nickel (II) ethylenediaminediacetate (NiEDDA) were
purchased from Sigma-Aldrich (St. Louis, MO). H0-Endo and MA14-31 were synthesized by
GenScript

(Piscataway,

NJ).

The

sequence

of

the

24-residue

peptide

is

MSVAGLKKQFHKATQKVSEKVGGA. The truncated segment (length = 18 amino acids) of
matrix protein MA14-31 of HIV-1 has the sequence of KWEKIRLRPGGKKQYKLK. HPLC and
mass spectroscopy measurements as performed by the vendor showed that the peptides purity were
over 99%. Their stocks were prepared by dissolving in ultrapure water. For GUV experiment, a
diluted solution of MA14-31 and H0-Endo were prepared in 100 µM sucrose.

2.3

Experimental Approach

2.3.1 ULV and the vesicles leakage experiment using spectrometer
Lipid films were prepared in the glass tubes by adding and mixing appropriate volume of
lipid mixtures dissolved in organic solvent. This organic solvent was removed by a gentle flow of
nitrogen gas using a 12-position N-EVAP evaporator (Organomation Associates, Inc., Berlin, MA)
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and then vacuum pumped for ~1 h. The obtained lipid films were hydrated with 10 mM HEPES,
45 mM Sodium Chloride (pH 7.4) and 30 mM calcein. For LPS containing POPC unilamellar
vesicles (ULVs), appropriate amount of LPS volume was also added during hydration of the POPC
film.

Figure 2.1 FPLC system (AKTA Pure). Sample is injected through the sample inlet which passes
to the gel coulomb. Based on the size or molecular weight (size exclusion), the output is
collected in fraction collection.

The total amount of lipid contain was set to be 2 mg for each lipid composition in a final volume
~0.5 mL. Cup horn (Qsonica, CT) sonication powered by Thermo Fisher sonicator at 50% output
power for total sonicating time of 20 minutes (1 min run, 30 s idol) was employed to prepare
calcein encapsulated ULVs. The radius of ULVs was measured to be ~200 nm. External calcein
was removed by FPLC (GE Healthcare, Piscataway, NJ) using gel filtration column (Superdex
200, 10/300 GL) as size exclusion chromatography [87] which is shown in figure 2.1. Same buffer
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i.e.10 mM HEPES with 45 mM Sodium Chloride (pH 7.4) was used as a running buffer during
filtration process.

Figure 2.2 Schematic illustration of ULV preparation and the leakage of encapsulated calcein dye
due to the permeabilization caused by the peptide colistin.

Colistin dissolved in 10 mM HEPES and 45 mM Sodium Chloride buffer was used to
produce different concentration with same buffer to make final volume of 970 µl in an Eppendorf
tube. 30 µl of ULVs was pipetted to the colistin mixture. Also, two separate solution mixtures of
1 mL i.e. with 20 mM TritonX-100 (but no colistin) by adding 30 µl ULVs and with 970 µL buffer
plus 30 µL ULVs were prepared for maximum leakage and for controlled sample respectively. All
type of resulting solutions were incubated in dark at room temperature for 20 h. For static calcein
study at 23oC, the incubated samples were transferred to the quartz cuvette and then right after, it
was placed into the Peltier thermal cell holder (model EHC-813) of an FP-8300 spectrofluorometer
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(Jasco Analytical Instruments, Raston, MD). The excitation and emission wavelength are 494 nm
and 515 nm (bandwidth = 2.5 nm) respectively. The emission spectrum range was 500-600 nm
(±2.5 nm). Average of three measurements were obtained. The percentage (%) dye leakage was
calculated by the following equation [88], [89]:
𝐿𝑒𝑎𝑘𝑎𝑔𝑒 (%) =

𝐼−𝐼0
𝐼𝑚𝑎𝑥 −𝐼0

˟ 100%. ..................................(2.1)

Where, I0 is the leakage intensity of the ULVs without colistin, Imax is the maximum leakage
intensity with Triton X-100 and I is that of vesicles treated with different concentrations of colistin.
The process is summarized by using a flow chart as shown in figure 2.2.
Now, it is relevant to introduce the spectrometer that was used in our lab and its working
principle briefly.

Figure 2.3 Schematic of the working of spectrometer (a) and FP-8300 spectrofluorometer (b).The
red arrow indicates where the sample was placed by opening the cover.

Spectrometer or the spectrofluorometer is a spectroscopic analytical technique which
measures the fluorescence signal emitted by the sample. For our purpose, it was used to measure
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vesicle’s leakage as well as efficiency of energy transfer by Forster Resonance Energy Transfer
(FRET). As each fluorophore is characterized by its excitation and emission wavelength, this
instrument is capable to record both kind of signal. It consists of source, excitation filter, sample
holder (cuvette), emission filter and the detector. The schematic of the working of spectrometer is
shown in figure 2.3(a). Briefly, light emitted for the source (Xenon lamp) is passed through the
excitation monochromatic filter where specific wavelength is allowed to transmit to reach the
sample (kept in a sample holder/cuvette) while blocking the other wavelength. Following the
excitation, the fluorophore relaxes by emitting the light as emission wavelength which is larger
than the excitation wavelength (Stock’s shift). The emitted wave is passed through the emission
monochromatic filter positioned perpendicular to the original path to reduce the possible
interference of emission to the excitation waves. Figure 2.3(b) shows the spectrofluorometer used
in our lab. The fluorophore that was used during the leakage experiment was the calcein. The
signal that were measured comes basically from calcein fluorophore. The choice of this
fluorophore in this purpose was that it possesses the property of self-quenching [90] and the
principle of measurement is - Fluorescence signal changes when dye molecule (calcein) leak from
the inside to the outside of vesicles [91].
2.3.2 SLB and bacterial sample measurement with AFM
Small unilammelar vesicles (SUV) production was accompanied by the similar method
adopted in a recent work from our lab [43]. Briefly, different lipid compositions in an appropriate
ratios were mixed separately in the glass test tubes. The mixture was vortexed briefly for the
homogeneity. After drying with a gentle flux of nitrogen gas at elevated temperature for ~2 min,
it was vacuumed at room temperature (RT) for ~40 min for organic solvents desiccation. The
resulting film was then suspended in aqueous buffer with 5 mM Calcium Chloride (CaCl2) (note
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that, for LPS containing bilayer suspension was done only with LPS as it was devoid of CaCl2)
where lipid content is calculated to be ~0.14 mg/mL. Branson Ultrasonic Sonifier SFX 250 with a
flat tip (tip radius ~1 cm) was used for ultra-sonication of the lipid’s solution (total duration of 3
min with 30 s sonication and 30 s standby) to obtain the SUVs.
The resulting SUV’s solution was centrifuged for 2 min at 13 rpm using Sorvall Legend
Micro 17 Centrifuge (Thermo Scientific, USA) to discard the possible metal residue resulted from
shredded tip during the sonication process. Supported lipid bilayer (SLB) was prepared by
injecting supernatant on the freshly cleaved mica disk placed inside the Atomic Force Microscope
(AFM; Multimode 8 AFM, Bruker, Santa Barbara, CA) liquid cell (model MTFML-V2, Bruker).
SLB was formed by adsorption and then rupturing of SUV which were allowed to settle for ~10
min as an incubation time (induced by added CaCl2 if there). Shortly after the continuous bilayer
formation, the surplus vesicles and buffer were removed by injecting the fresh ultrapure water into
the liquid cell. A silicon nitride probe (DNP-S, Bruker) of radius 10 nm which was originally kept
~45 µm above the mica was allowed to approach and scan to obtain the images. Images were
acquired under the Peak Force quantitative nanomechanics (QNM) mode. Squared shape images
of different dimension such as 10 µm, 6 µm, 4 µm, 1 µm and 0.5 µm were obtained at the scan
rate of ~1.0 Hz with ~400 pN peak-force set-point and are called as ‘the controlled images’. After
acquiring the desired number of controlled images, appropriate concentration of peptides (i.e.
colistin, MA14-31 and H0-Endo) solution which was prepared in ultrapure water was injected into
the bilayer by employing a syringe pump (New Era Pump System, Inc., NY). The bilayer was
incubated in peptides environment for ~10 min was thus scanned to obtain the images and were
saved as ‘the peptide treated images’ keeping the same tip and scan parameters constant. In the
typical trial of an experiment, one area for control and at least two more area for peptide treated
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sample were randomly selected. By successive zoom in and or by offsetting the positions to
highlight the features of particular interest scans were conducted. The process is summarized by
using a flow chart as shown in figure 2.4.

Figure 2.4 Schematic illustration of SUV preparation using the relevant lipids followed by the
supported bilayer formation on the top of freshly cleaved mica in the liquid cell for AFM
imaging.

E. Colis were cultured in LB medium. LB solution was prepared as follows: add 25 g of
LB to 1000 mL of ultrapure water and mix thoroughly. Resulting solution was then autoclaved for
~1 h at 120oC. Thus obtained LB broth was brought to RT. About 60 mL LB from that stock was
taken in the vessel of 250 mL. A 10 µL of bacterial solution obtained from stock (kept at -80oC in
50% (v/v) glycerol after thawing) was pipetted into the solution. Vessel was covered loosely for
aeration and was incubated for about 12 h or overnight by swirling at the speed of 120 rpm at 37oC
in incubator (MaxQ 8000, ThermoFisher Scientific, NY) as shown in figure 2.5. 1 mL aliquot from
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obtained bacterial solution is carried for optical density (OD600) measurement using DynaPro
NanoStar equipped with nano drop 2000 software (Wyatt Technology, Santa Barbara, Ca). For
this amount of incubation time and the settings, OD600nm count of bacteria was obtained to be ~1.0.

Figure 2.5 MaxQ 800 incubator (ThermoFisher) used to grow the E. Coli.

For kinetic Growth measurement or the minimum incubatory concentration (MIC) value
determination [92], bacterial solution was diluted by ~1000 fold. Adding the solutions to fresh LB
medium, bacterial culture were prepared in 48-well microplates well at 1 mL final volume. For
peptide treated sample, a desire amount of peptide was added to make similar volume (final). The
micro plate with samples was transferred into the plate reader-molecular devices (SpectraMax i3x)
as shown in figure 2.6(a) for kinetic growth measurement at 37oC and for ~16 h, which allows to
obtain OD600nm count in every 5 min. For each sample, triplicates were prepared. The presented
result is the mean value obtained from both original and it’s triplicates.
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Figure 2.6 Microplate reader (SpectraMax i3x) for kinetic growth measurement (a). Photograph
was taken by keeping the samples in 48-well microplate at the top of this instrument. The
red enclosure indicates the samples in various concentration of colistin where three rows
means the triplication. The Heratherm incubator (Fisher Scientific) (b) for the bacterial
incubation in various concentration of colistin.

Regarding the AFM scanning of bacterial sample, initial controlled (i.e. 0 hr.) sample was
prepared by taking 1 mL of freshly grown bacterial aliquot in a centrifuge tube and centrifuged at
13 rpm for 5 min at room temperature. Supernatant was withdrawn by leaving the pellet of bacteria.
1 mL of ultrapure water was added, pipetted and centrifuged again to wash the reminiscent of LB
content. This process was repeated twice. Thus obtained concentrated bacteria was re-suspended
in 1 mL of fresh water. About 20 µL of suspension was deposited into the top of freshly cleaved
mica disk and let it dry at RT. For the bacteria incubated to desire time in peptide environment,
200 µL of freshly grown bacterial solution was taken in 48-well microplates well (Falcon
Polystyrene Microplates, Fisher Scientific, Pittsburg, PA), fresh LB solution and appropriate
amount of colistin prepared in water was added to obtain 1 mL of final volume. Similarly, to
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prepare a parallel controlled sample, 200 µL of bacteria was added to 800 µL of fresh LB in the
microplates well. The plate with loosely fitted lid was then incubated at 37oC in the Heratherm
Incubator (Fisher Scientific, USA, figure 2.6(b)) equipped with microplate shaker (Fisher
Scientific, USA) for desired period of time at 120 rpm and at 37oC. At the end of session, the
sample was transferred from well plate to the centrifuge tube.
Following the similar steps as was done to prepare the controlled sample, peptide treated
samples were also obtained in freshly cleaved mica disk. For each sample, duplicate samples were
prepared. The prepared sample on the disk then transported to same AFM chamber as mentioned
earlier. Both controlled and colistin treated sample were scanned in QNM mode in air under similar
constraints. The process is summarized by using a flow chart as shown in figure 2.7. It is noted
that, in any cases of AFM imaging, to keep the unbiasedness of the results w.r.t. (a) the sample:
experiment with freshly prepared sample in different day were performed, (b) the region: regions
were selected randomly. Whereas for control at least one region was scanned and that of three for
peptide treated sample and (c) the effect: for confirming the effect qualitatively samples were
scanned by treating with different concentrations. In any scan, each region was scanned by
successive zoomed in and by offsetting the position to highlight the features of particular interest.
Now, it is relevant to introduce the AFM that we used in our lab and its working principle briefly.
Atomic Force Microscope (AFM) belongs to the Scanning Probe Microscopy (SPM) which
offers an atomic level resolution to obtain the topographic features of surface in any medium [93].
It has been widely used not only in different fields of STEM but also many interdisciplinary
settings such as biophysics, biochemistry, biomolecule [94] etc. after its invention by Binning,
Quate and Gerber in 1986 [95]. In principle, its working is based on the interaction between the
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sharp tip and the atoms of the sample at the surface in order to give-rise the 3-dimensional
topographic image [96].

Figure 2.7 Schematic illustration of the preparation of bacterial sample on the top of freshly
cleaved mica for AFM imaging.

A typical AFM (e.g. Multimode AFM - Bruker, CA [97]) consists of six components such
as (1) SPM system, (2) controller, (3) monitor, (4) key board, (5) mouse and (6) computer. It is a
very complex optoelectronic system. We discuss the major components e.g. SPM system and
controller briefly as follows:
SPM system is the central component of AFM. It consists of different parts such as head
which holds the laser with X and Y-axis adjustment, mirror, position sensitive photo detector
dividing into four elements (named as A, B, C and D assigned for differential as well as sum signal)
equipped with X and Y- stage adjustment and the scanner depending upon the size and resolution
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can be longer of type ‘J’ which yield larger field scan or shorter of type ‘A’ yield smaller image
but better resolutions [98]. Scanner consist of a piezo crystal which bears a unique properties and
capable of moving along all X, Y (raster for a given AC voltage) at a given scan angle parameter
(usually at 0o) and the Z direction. Top of the scanner is where the sample is mounted magnetically
and the side at nearly bottom is equipped with a small display where the differential and sum
signals recorded on photo-detector are displayed. The head also consists of probe holder and the
probes. Probe holder is the one which holds the tip-cantilever assembly. Its nature and type
depends upon the mode of operation e.g. for contact mode, a standard probe holder is used but for
aqueous (fluid) scanning, a fluid cell is used. The probe generally refers to the tip-cantilever
system; a sharp tip attached at one end of cantilever also known as cantilevered probe. It can be of
varieties in shape, size and materials. Cantilevered probe can be of various type e.g. silicon nitride
and etched crystal silicon. Due to the flexibility and easy to use property, the silicon nitride probe
is preferred for biological sample scanning. SPM system is often equipped with an Optical
Viewing Microscope (OVM) useful in sample coverage selection and laser alignment.
Controller provides the necessary control over the scanning process. It collects the signals
and process for imaging by providing the required feedback signal. The feedback is used to control
the interaction between the tip and sample which is achieved by adjusting gain in feedback circuit
at SPM. Proportional, Integral and LookAhead feedback and gain are the common feedbacks used
in AFM [98].
The schematic of working is shown in figure 2.8(a). Where, a sample is mounted at the top
of piezo scanner which is free to move in raster x, y direction for a given A.C. voltage as well as
in z direction at a given frequency and amplitude. Irrespective to the mode of scanning (will be
discussed in next paragraph), as the tip which lies at the top of cantilever (note: there may be tip

41

less cantilever) approach the sample, the attractive Van der Wall force comes to play until some
distance that make tip to approach to the extreme proximity of the sample. As the range of this
force come to cross the limit, repulsive force comes to play and hence the tip gets deflected. This
process continues throughout the given sample. Based on the change in shining laser as caused by
change its position due to the features in sample and hence intensity on the position sensitive photodetector which is reflected as a change in height and latter mapped into a topographical image at
the monitor of computer system through the controller which also give rise the feedback signal to
the scanner for controlling purpose. In practice, depending upon the advancement of technology
other kind of images such as peak foce, DMT modulus, dissipation, deformation etc. to obtain the
various kind of mechanical property (e.g. by using the Multimode 8 AFM, Bruker, CA).
AFM works in the different mode of operations such as (1) Contact, (2) Non-Contact and
(3) Tapping mode (also PF-QNM) etc. Contact mode is used to measure the topography of the
given sample which is obtained by sliding the tip across and with contact on samples. The constant
contact can be mentioned either by controlling the force or the height of tip above the plane of
surface. This mode can be operated in both air and aqueous scanning. The tip being in contact with
sample, there is a chance of sample damage, breakage of tip, contamination of tip/sample and
hence the distortion of images are the few drawback of this mode of operation.
Sample’s topography can be measured by sensing the sample without touching by tip due
to Ven der Wall force of interaction between the atom at the apex of tip and top of sample surface.
The force being a weak, the resolution of images obtained from this mode of operation is low as
compared to the contact mode.
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Figure 2.8 Basic principle of atomic force microscopy [99] (a) and Multimode 8 AFM (Bruker)
(b). The red arrow indicates where the sample was placed within the cell.

In the tapping mode of operation [100], the oscillating tip taps the surface by mentioning
the required feedback. The small change in oscillation is reflected on the change in feature and
hence featured image of given surface is obtained. This mode eliminates the shear force which can
damage the soft sample and give rise the image with high resolution [101] are the reasons why it
is popular mode of scanning in air as well as aqueous medium.
Peak Force tapping mode is one of the modern techniques under the tapping force
technology, where the probe taps regularly and the samples interaction force is measured by force
curve. In this mode, the probe intermittingly the sample like in tapping mode but for short time
which eliminate the lateral force that may be responsible for the sample damage [102]. PF-QNM
uses the peak force tapping technology measures the nano-mechanical properties [103] such as
modulus, adhesion, dissipation and deformation while topographic at atomic scale resolution
[104]. So, basically PF-QNM allows us to obtain the high resolution mapping of mechanical
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properties, non-distructive to tips and samples and the unambiguous and quantitative data over a
wide range of material [102].
All in all, despite of its complexity in structure and working mechanism, we understand
AFM in a simple way by realizing the principle of converting a sample perturbed by peptide into
an vivid image as – modulations in a given sample (i.e. lipid bilayer and bacterial cells) is reflected
by changes in topographic structures (i.e. height at each pixel).
In our case, after mounting the sample, the tip which was about 80 µm above it was allowed
to approach the sample provided that the laser alignment give rise the horizontal and vertical
intensity ≤ 1 with the sum maximized (4 to 5). The tips used were silicon nitride named as DNPS (tip radius 2 nm SLB scanning) and FMV-A (tip radius 8 nm for bacteria scanning) as specified
by Bruker, CA. Survey scans were conducted either on 10 µm2 or on 20 µm2 . Fallow up scan
depending upon the feature of particular interest were taken down to 0.5 µm2. The mode of scan
was PF-QNM, with the force around 400 nN for bilayer and variable for bacteria was set. The scan
rate of 1 Hz and the number per line equal to 256 were fixed. Height images were considered and
evaluated. The AFM used for experiment was Multimode 8 AFM equipped with NanoScope V
controller as supplied by Bruker, Santa Barbara, CA as mentioned earlier which is shown in figure
2.8(b).
2.3.3 GUV and SUV measurement by using Fluorescence Microscopy
Giant unilammelar vesicles (GUV) production are prepared by electro-formation method
as adopted from the previous work form same lab [38]. Briefly, a separate mixture of different
lipid compositions with 0.5 mol% rhodamine-DPPE were prepared. This mixtures were smeared
into the ITO coated glass slides at 50oC. Obtained dry films of lipid were vacuumed for >1 h at
room temperature to remove the organic solvents. A homemade silicon well of thickness ~2 mm
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attached on the top of lipid film was filled with 500 µL of 100 mM sucrose. Another filmed-slide
facing each other supported by similar silicon piece was used to seal the sucrose loaded well to
form a GUV production chamber. This chamber was placed inside the aluminum cube, sealed it
and transferred into the heat block (Thermo Scientific) for GUV production. GUV’s incubation
took place by lipid film swelling method under the supplied sine wave AC of 2 Vpp voltage and 10
Hz frequency by using a Siglent Function/Arbitrary Waveform Generator for 2 h at 50 oC. The
temperature was occasionally monitored and confirmed by using Digi-Sense temperature
controller. The produced GUVs were transferred to 100 mM glucose solution (buffer) in a glass
test tube and let them settle for > 20 min.

Figure 2.9 Schematic illustration of the preparation of GUV and its deposition on the top of glass
slip for Fluorescence Microscopy imaging.
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The GUVs from the bottom were pipetted into the 100 µL of same buffer (for accuracy
equal volume of GUVs solution was used for all experiments). 50 µL of aliquot from the bottom
was transferred into the home made silicon well of thickness < 1 mm on top of a cover slip.
Appropriate amount of peptide (e.g. MA14-31, H0-Endo) was added onto the GUV solution. The
well was covered by another coverslip to prevent the liquid evaporation (Note that: for some
compositions, method of adding GUVs solution on the top of peptide’s solution is also carried out,
and the result agree to each other in general). An immediate imaging was conducted by
fluorescence microscopy using Nikon Eclipse Ti-U microscope (Nikon Instruments Inc., Melville,
NY) equipped with Nikon Plan Flour Ph2 objectives and Andor EM-CCD camera (iXon Ultra
897). Scanning were conducted in the form of either single-shot or time lapse florescence
micrograph. For control measurement, same amount of buffer was added instead of peptide. The
scanning conditions involved the exposure time = 100 ms and the video frame rate = 5 Hz at room
temperature. Initial magnification of x10 in a randomly selected region was later adjusted into the
large magnification by selecting the reasonable distribution and the dimension of vesicles. The
freely floating GUVs were confirmed by their visual movement and those having the size around
30 to 60 µm in diameter were considered for imaging. For the reproducibility of result, similar
experiments were conducted with freshly prepared vesicles for several days. In a given day, at least
2 for control and 6 for peptide-treated samples were examined. The process is summarized by
using a flow chart as shown in figure 2.9
Now, it is relevant to introduce the fluorescence microscopy that was used in our lab for
that purpose and its working principle briefly.
Fluorescence Microscopy (FM) is a microscopic technique which measure the fluorescence
signal emitted by the sample [105], [106], [107]. It consists of source, excitation filter, dichromic
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mirror, objective, sample holder, emission filter and the detector. The schematic of the working of
spectrometer is shown in figure 2.10(a), which is discussed briefly as follows: light emitted from
the source is passed through the excitation monochromatic filter where specific wavelength
particularly with high energy (e.g. blue) is allowed to transmit to reflect at the dichromic mirror
and hence reach the samples kept at sample holder through the objective. This incoming wave (of
particular wavelength) is absorbed by the fluorophore distributed throughout the sample (GUV).
This fluorophore then undergoes the excitation which emits the wave of longer wavelength when
relax to come into the ground state (Stoke’s shift). This emitted wave is passed back to the
objective and passes through the dichromic mirror and hence emission-filter to reach the detector.
Figure 2.10(b) shows the fluorescence microscopy that was used in our lab. The
fluorophore that was used during the GUV experiment was the Rh-DPPE. The choice of this dye
was that it has a characteristic excitation and emission with the visible wavelength signal and is
capable to distribute homogenously throughout the bilayer of vesicles. The principle of scanning
is that the sample gets illuminated with the specific wavelength (blue) absorbed by the dye
molecule (Rh-DPPE) which cause it emits light of higher wavelength (green).
By using the same fluorescence microscopy and similar parameter, the effect of MA14-31
peptide on SUV were also scanned. Briefly, the visualization of the aggregation was achieved by
taking 50 µL aliquot of vesicles mixture at different concentrations of the MA14-31 were pipetted
into a homemade observation chamber made of silicon gel (~1 mm) square cut at the center of
silicon water at the top of microscope glass slide (Fisher Scientific). The chamber filled with
solution was covered immediately by another microscope slide as above. The scanning was
obtained in the form of snap shot.

47

Figure 2.10 Schematic of the working of Fluorescence Microscopy (a) and Fluorescence
Microscopy (Nikon Eclipse Ti-U) (b). The red enclosure indicates where the sample was
placed for the measurement.

2.3.4 SUV measurements by using FRET and DLS
In order to determine the vesicles fusion caused by the peptide MA14-31 specifically, Forster
Resonance Energy Transfer (FRET) was used. SUV of two kinds (i.e. POPC/POPS/N-NBD-PE/NRH-PE and POPC/POPS) were prepared by adopting a similar method as chapter 2.3.2 and by
sonicating for extended time (~20 min) with a micro-tip but without adding calcium chloride.
Obtained SUVs were mixed in the ratio of 1:1 (v/v). MA14-31’s stock solution in water was used to
prepare the different peptide concentrations. The stock of vesicles (volume 30 µL) was added on
them to make a final volume of 300 µL. The vesicle’s solution was treated with the surfactant
Triton X-100 (final concentration ~10 mM) to obtain the reference maximum signal. The mixtures
were kept in a dark at RT. After 20 h of incubation, the samples were transferred to quartz cuvette.
By using an FP-8300 spectrofluorometer (Jasco Analytical Instrument), fluorescence spectrum
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were obtained at RT. Excitation wave length of given fluorescence lipid (N-NBD-PE) was 450 ±
2.5 nm. The emission spectrum was expected in a range of 500 to 650 nm (± 2.5 nm). The
maximum intensity at emission ~530 and 585 nm was recorded to evaluate the vesicle’s fusion by
defining the efficiency of energy transferred [108] as,
𝐸 =1−

𝐼
, … . … … … … … … … … … … … … … … … … . (2.2)
𝐼0

where I and I0 are the emission at 530 nm in the presence of N-RH-PE and in the absence of NRH-PE (or presence of detergent) respectively.
In order to determine the size of aggregate vesicles, 50 µL aliquot of vesicles mixture in
the different concentrations of MA14-31 were transferred in a cuvette to measure the size by using
Dynamic Light scattering (DLS) (DynaPro NanoStar) [109]. At least five measurements were
conducted for a given sample and were averaged.
Now, it is relevant to introduce the Dynamics Light Scattering that was used in our lab
and its working principle briefly.
As the size of particles or the aggregation in a solution is measured by using the DLS, the
basis of this is to measure the Brownian motion and hence relate it with the hydrodynamics
diameter (d) of particle [110]. The term hydrodynamics is relevant because the particle in solution
shows the diffusion. According to Stock Einstein, d = kT/3πηD; where k is Boltzmann constant,
T is temperature; η is viscosity of the solution and D is diffusion coefficient. All the constants and
parameter looks obvious except the diffusion coefficient. Since the particles are constant and
random motion that causes intensity fluctuation of scattered light hence the origin of correlation
function. The time delay for an applied wave length, refractive index and scattering angle gives
rise the diffusion coefficient. This way the size of particle in terms of hydrodynamics diameter is
evaluated [111], [97], [112], [113], [114].
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The schematic of DLS is shown in figure 2.11. It consists of following major components:
(a) laser, (b) attenuator, (c) sample cell, (d) detector, (e) correlator and (f) computer [115]. This is
a complex opto-electronic system; however, we try to explain the working in brief as follows:

Figure 2.11 Schematic of the working of DLS (a) and DynaPro NanoStar DLS (b).

The sample is kept at cell. Laser is illuminated on the sample through the attenuator which
optimizes the intensity of laser on sample due to the variation of particle’s size within the sample.
The scattered light form the sample is detected by detector positioned at angle ~90o or 173o and
the signal passed through the correlator where the value of variation of intensity is determined
[115]. This signal is thus passed to computer with an output of hydrodynamic diameter.
Note that, the vesicles fusion as determined by fluorescence microscopy to complement
these process is already discussed in chapter 2.3.3
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2.3.5 Liposome and bicelle’s measurement with EPR spectroscopy
Lipids or the mixture of lipids with ~1 mol% of 5-SASL in chloroform were mixed in a
glass tube and dried under a stream of nitrogen (N2) gas to form the thin lipid films. The obtained
thin films were subjected to further dried in a vacuum chamber overnight and rehydrated in a
HEPES buffer (20 mM HEPES, pH 7). The suspension was homogenized by repeating more than
6 freeze/thaw cycles. Liposomes thus prepared by extruding the suspension through a 100 nm
polycarbonate membranes were utilized to measure the lipid chain mobility and bilayer polarity.
For the preparation of bicelles, a lipid mixture of DMPC, DHPC (keep the q value in such
a way that q = [DMPC]/[DHPC] = 3.6) and 5-SASL (0.5 mol% of the total lipids) were mixed in
a glass tube followed by drying with a stream of N2. The sample was further dried in a vacuum
pump for overnight and resuspended in 50 mM HEPES of pH 7.4. The suspension was vortexed
and sonicated multiple times in an ice-cold water for ~25 min, followed by ~4 freeze/thaw cycles.
The obtained bicelle’s solution was turn out to be transparent and viscous. This solution was
utilized to measure the lipid chain orientation order. Note that; prior to each measurement, an
aliquot of the peptide (i.e. H0-Endo) stock was added in a desired P/L ratio.
EPR experiments were conducted using a Bruker E680 spectrometer (Billerica, MA) at Xband (9.5 GHz) in National High Magnetic Field Laboratory (NHMFL), Tallahassee, Fl. Bruker
high-sensitivity resonator (ER 4119HS) and the Bruker variable temperature controller (ER
4111VT) were used to measure the lipid chain mobility. A loop-gap resonator (Molecular
Specialties, Milwaukee, WI) was used to measure the lipid bilayer polarity.
In order to obtain the lipid chain mobility information, the continuous wave (CW) EPR
spectra were recorded at 100 kHz modulation frequency, 3.2 mW incident microwave power
(18 dB), modulation amplitude = 1.0 G, time constant = 81.92 ms, conversion time = 81.92, and
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the sweep width of 100 G. Liposomes with a total of 10 mM lipid concentration maintaining 1:100
5-SASL/Lipid ratio were prepared in the HEPES buffer. Liposomes were mixed with H0-Endo in
a desired ratio of P/L prior to the measurement. Lipid/peptide mixtures were then loaded into glass
capillary tubes internal diameter 0.6 mm.
In order to carry out the lipid bilayer polarity and solvent accessibility measurement, the
EPR power saturation method was used. Samples (liposome w/o peptide) were loaded into gaspermeable TPX capillary tubes (Molecular Specialties) for measurement. Each measurements
were obtained at RT with 100 kHz modulation frequency, 1.0 G modulation amplitude, time
constant = 10.24, conversion time = 20.48 ms, and sweep width = 25 G centered at the central
peak. The microwave power was ramped up starting from 0.4 and ended to 100 mW. Note that,
for each sample, spectra were collected at three conditions i.e. (1) the spectra were collected with
the sample exposed to atmospheric air i.e. liposomes were in contact with oxygen (O2), (2) the
sample was purged for at least 20 min (10 min from top and 10 min from bottom) with a stream
of N2 and (3) the sample with 50 mM NiEDDA was purged again for at least 20 min (10 min from
top and 10 min from bottom) with a stream of N2. As the EPR signal becomes saturated with the
increase of microwave power; the saturation point was denoted by P1/2 and called as power
saturation parameter and is defined as the power at which the intensity of the first derivative center
line height is half of its unsaturated intensity. The accessibility parameter (i.e. Π) of relaxing
agents to spin probes was derived from P1/2. In order to determine the saturation parameter P1/2 for
O2, N2, and NiEDDA spectra, the saturation curves, obtained from the peak-to-peak amplitude
versus microwave power were fitted in a standard equation whereas the dimensionless polarity (or
depth) parameter ϕ was calculated from the ratio of the accessibility parameter Π(O2)
to Π(NiEDDA) [116].
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To obtain the orientational order parameter, TmCl3.6H20 was added for bicelles alignment
in a magnetic field (final Tm3+/lipids molar ratio was 0.2) [117]. Before each measurement, the
EPR cavity was heated and stabilized to the bicelle alignment temperature ~308 K. Then its
solution was loaded into a glass capillary tube and placed in the EPR cavity (magnetic field =
13,500 G) for ~10 min. The EPR spectra were recorded under following conditions: 100 kHz
modulation frequency, 3.2 mW incident microwave power (18 dB), modulation amplitude = 1.0
G, time constant = 81.92 ms, conversion time = 81.92 ms, and sweep width = 150 G.
Now, it is relevant to introduce the electron paramagnetic resonance (EPR) spectroscopy
that we used in our collaborator’s lab and its working principle briefly.
EPR is an acronym for electron paramagnetic resonance spectroscopy is also known as
electron spin resonance (ESR) is a method to observe the structure and dynamic of paramagnetic
center such as radicals and transition metal ion (an electron within a molecule) by using magnetic
field and the electromagnetic radiation [118].
Principle of EPR is usually compared with NMR (Nuclear Magnetic Resonance}
technique, however, there are some technical difference such as: while EPR utilizes the unpaired
electron’s spin the NMR is concerned with nuclear spin, a microwave radiation is required to
conduct the EPR whereas radio waves are used for NMR etc.
Since it is a selective technique to free radicals, spin label (lipid) or spin probe are used as
a paramagnetic spot in terms of its relevancy to the biological membrane research [119] like ours.
Furthermore, the EPR spectra is sensitive to the motion of such radicles, it is widely used to
investigate the dynamics of biological environment for example fluidity of lipid bilayer etc.
The working principle of EPR in a brief is as follows: consider a sample consists of free
radicle or unpaired electrons with spin S = 1/2, non-interacting and oriented randomly. As the
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magnetic field B0 is applied in a particular direction also known as axis of quantization, the
electron’s magnetic moment align itself either parallel or antiparallel with magnetic component ms
= +1/2 and -1/2 respectively. Each alignment has an energy level due to Ziemenn which give rise
the difference of this energy = gµBB0; where g is called ‘g-factor’ which is a characteristics
parameter of spin system and has the value equal to 2.0023 for free electron as an example and µB
is Bohr’s magnetron. Thus, this un-pair electron can move the state by absorbing (assuming the
populated electrons are at lower energy level according to Boltzmann distribution) the energy of
hϑ; where, ϑ is the frequency of electromagnetic wave. The equality of these two energy can be
achieved at resonance condition (microwave X-band ~9.5 GHz corresponds to ~3300 G) to give
rise an absorption peak and hence lead the emergence of EPR spectra. The continuous spectra may
be expected due to the relaxation processes of spin such as: transfer of thermal energy of spin to
the surrounding characterized by spin-lattice relaxation time T1 and spin-spin relaxation time T2
which stands for the redistribution of energy within the spin system with no net change in energy
[120]. The obtained continuous spectra is later recorded as a first derivative wave spectra using
field modulation where a small external oscillating magnetic field is applied at a typical frequency
(1G, 100 kHz). In practice, a system of separate unpaired electron within a sample is barely
expected, so, an interaction with nuclear spin (I) [119] is obvious. This interference also called
hyperfine interaction induces the sub-splitting of those energy levels of an unpaired electron as a
function of I i.e. number of splits = 2I + 1 and for example it is 3 for I = 1 in case of nitroxide spin
label, hence the emergence of three lines in a obtained continuous EPR spectra is expected [118]
for this spin label. It is noted that, we do not mention other kind of possible interaction in a real
life scenario here that have very small contribution to the spectrum such as nuclear, quadrupole,
spin-spin for a purpose.
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The outline and the working of a typical EPR measuring system is shown in figure 2.12. It
consists of the following components (a) source, (b) microwave circuit (bridge), (c) cavity, (d)
detector, (e) magnet, (f) modulator, (g) lock in amplifier and (h) computer. It is a complex circuit
system, however, we try to simplify its working in a brief. The sample is kept in a sample cavity.
The microwave of frequency in an X-band is originated from source passes through the wave guide
to the microwave bridge, reach the cavity via circulator which confirms only resonating waves
reach the detector. As the cavity is characterized by the quality factor (Q) related with the
sensitivity, is an indication of how efficiently it store the microwave energy which in turn intensify
the microwave in the order of several thousand. A homogenous magnetic field B0 is provided by
the electromagnet. Modulation is conducted by modulator of small oscillating magnetic field at
given frequency. As the resonance occur, the output signal at a detector transmit to the amplifier.
The lock-in amplifier selects the part of output signal which is in phase with modulation and hence
the first harmonics of EPR spectrum are displayed at the computer [121].

Figure 2.12 Schematic of the working of Electron Paramagnetic Resonance (EPR) spectroscopy.
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2.4

The processing of data
The obtained AFM height images were opened on NanoScope Analysis-1.9 software for

flattening and plane fitting purpose as per required. The representative images when they satisfy
the reproducibility were then subjected to the appropriate background subtraction and hence
quantified by obtaining the height profile using the homemade MATLAB script before they were
displayed. For the quantification of depth/height and roughness; height and roughness profile
analysis was carried out in the section of interest of a given image using MATLAB code.
The obtained videos (at a given frequency) and the snap-shots from fluorescence
microscopy were opened on NIS Element Viewer 4.20 software. Videos were converted them into
the corresponding snap-shots. The most exemplary images were then selected and processed by
using in-house build MATLAB script for analyzing and displaying purpose.
The obtained data form spectrometer (vesicles leakage as well as FRET) were opened in
Spectra Manager. They were converted them into the correct format (.txt) to obtain XY data.
Finally a homemade MATLAB script was used to obtain the graphs and quantitative results.
In order to quantify the orientational order of lipid acyl chain, order parameter (S20) is
simulated

and

fitted

by

using

the

MultiComponent

program

(http://www.chemistry.ucla.edu/directory/hubbell-wayne-l). The reduction of S20 is an indication
of loss in lipid chain orientational order near the spin probe. It is to be noted that, while the
simulation of spectra are carried at constant magnetic field and motional parameters, S20 calculated
from the orienting potential coefficient c20 was varied to fit the spectra. The starting values of the
g and A tensors were obtained from the literature i.e. gxx = 2.0089, gyy = 2.0069, gzz = 2.0023,
Axx = 6.0 G, Ayy = 6.0 G, and Azz = 33 G [122]. Furthermore, the diffusion tensor was fitted to
obtain values of Dxx = Dyy = 9.4 × 10−6 s−1 and Dzz = 470 × 10−6 s−1. The principal axis wrt
diffusion tensor were fixed to be αD = γD = 0° and βD = 33.5°. The angle between the diffusion
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frame and director (as parallel to the membrane normal) was set at Ψ = 0°. After optimizing, the
orienting potential coefficients were fitted (only c20 was employed for uniaxial symmetry), and the
orientational order parameter S20 was subsequently calculated in MultiComponent program [42].

2.5

Conclusion
Experiments are the integral parts of experimental physics. They include sample preparation

and their measurement. Samples and measuring instrument are chosen in such a way that they
fulfill our expected outcomes to support the set hypothesis. In this chapter, we discussed about the
compounds and their stocks preparation, methods of sample preparation and the instruments with
their principles and basic operation. Specifically the measurements such as: (a) lipids bilayer and
bacterial sample by using AFM, (b) GUV by using FM, (c) SUV and ULV by using spectrometer,
(d) aggregated SUVs by using DLS as well as FM and (e) the liposomes and bicelles by using EPR
were discussed in detail. We also introduced the software and briefly mentioned the way of
processing data obtained from those measurements.
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3

INTERACTIONS OF COLISTIN WITH THE MODEL MEMBRANES CONSISTS OF
LPS AND WITH THE G (-) BACTERIA (E. COLI)

This chapter deals with the membrane modulations caused by colistin on model membrane
and the bacteria using different techniques. Specifically we examine the vesicles permeabilization
as measured by spectrometer, formation of nano to macro cluster in SLB depending upon the
amount of LPS and its strength and the morphological change in E. Coli as observed by AFM. Part
of this chapter is already published in ACS Omage-2018 entitled ‘Lipopolysaccharide-Dependent
Membrane Permeation and Lipid Clustering Caused by Cyclic Lipopeptide Colistin.’ The
objective of study is to elucidate the biophysical model of interaction between the colistin and
model membrane containing LPS and hence compare with a similar mode in a physiological
setting.

3.1

Introduction
Polymyxin-E, also commonly known as colistin is a cyclic lipopeptide which possesses an

antimicrobial property. Figure 1.13 shows the chemical structure of colistin. It is being used alone
or in combination with other antibiotics (synergistic)[82], [123] or in nano-encapsulated form
[124] to treat different infections or facilitate the treatment by other antibiotics in the form of
nonapeptide (e.g. Polymyxin-B nonapeptide (PMBN)) [125] caused by G (-) bacteria. It is noted
that the Polymyxin-B is a class of family Polymyxin to serve as a model Polymyxin as mentioned
earlier.
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The general idea of action involves the interaction between cationic polymyxin with
negatively charged outer membrane of bacteria mediated initially by electrostatic force. As charge
is involved for the interaction, bacterial growth phase which determines surface charge and
hydrophobicity [126] may influence in the effectiveness of colistin treatment.
The initial interaction of peptide takes place at the outer membrane. The outer membrane
lipid matrix is an asymmetric complex of two layers. It is mainly comprised of the structural
component LPS (¾) and ¼ of proteins [127] in outer monolayer whereas the inner monloayer is
composed of glycerophospholipid. The outer leaflet, specifically, the LPS is the first target of
external molecule because of their charged and hydrophobic nature as shown in figure 1.6. As LPS
bears the critical characteristics of bacteria such as pathogenic, resistant (to hydrophobic
antibiotics/antimicrobial peptide) and protective-barrier, they are considered to be the focus of
vaccines or antibiotics [25]. In other word, their impartation becomes the strategic aim of the drug.
As introduced earlier, LPS, an amphiphilic molecule obtained from various G (-) bacteria share
the common general architecture. Specifically, three main component such as O-polysaccharide
chain (hydrophilic part), core (itself comprised of outer core and inner core and is the hydrophilic
domain) and the lipid A [27]. Lipid A is endotoxically (non secreted toxic that may cause disease
condition) active hydrophobic domain that anchor LPS by inserting the fatty acyl chain into the
bacterial outer membrane whose other end forms proximity by covalent bond with the core (inner)
region of LPS. The outer core comes between inner core and the distal O-polysaccharide,
hydrophilic chain (negatively charged) which extends outside and away (often truncated or lacking
units) from the bacterial surface [26]. The outer membrane of G (-) bacteria is enriched in divalent
cations such as Mg+2, Ca+2 and Fe+2 and are essential to mention the assembly of LPS and hence
stability of the membrane. Meaning, removal of such molecule results the higher permeability
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compared to the native cells [128]. Thus divalent cations decrease the mobility of LPS molecules
and organize them in outer leaflet of the outer membrane [129]. The cationic peptides on the other
hand, have affinities to bind at least three order of magnitude compared to native divalent cations,
so, they are easily displaced by externally added peptide [130]. However, higher concentration of
magnesium or calcium ion as compared to the peptides can antagonize the effect [131]. In short,
therapeutic strategic for external molecule, all in all, involve the removal of divalent cations to
impair the stability of lipid A distorting the LPS integrity and hence damaging the outer membrane
and of course the bacteria as a whole.
Different mechanism about the killing of bacteria have been purposed such as, developing
bleb and crenation structure on the surface [132], antibiotic permeabilization and disruption of
outer membrane integrity [133] resulting the loss of cellular content and creating the rougher
appearance and wrinkles leading to lethal damage [134]. It has been also shown that, the entry of
antibiotics such as polymyxin-B into the G (-) bacteria such as E. Coli’s membrane is not really
required but it effects indirectly by changing the permeability and suppressing the respiration for
their inhibition [135]. Some authors in other hand have shown that a non-or less-correlation
between interaction (depolarization) of polymyxin-B and the cellular death [136]. The actual
mechanism has not yet fully understood, however, researchers have extended their study in
explaining the mechanism of peptide’s intake into the cell there after the initial electrostatic
interaction. A self-promoted pathway for polycationic antibiotic uptake into the P. aeruginosa; a
G (-) bacteria has been proposed and explained [137]. This model suggest that the polycationic
ring of peptide binds initially by interacting with a lipid-A component of lipopolysaccharide (LPS),
displaces the divalent cations such as Ca2+ and or Mg2+, neutralize and facilitates for non-covalent
cross linking the LPS molecules (decrease the bridge action). This permeabilization of outer
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membrane makes ease the peptide for self-promote resulting the loss of membrane integrity [131],
[64]. It is worthy to mention here that, unlike ethylenediaminetetraacetic acid (EDTA) which
removes the divalent cations by chelation, polycationic part of polymyxin-B displaces them by a
competition [137]. Similarly, a two steps model have used been to explain the interaction of
peptide with indo-toxin molecule, LPS [138]. The killing mechanism must involve the peptide’s
interaction with both of bacterial cell membrane has been also mentioned in literature [136]. Lipid
exchange between outer and inner membrane mediated by the polymyxin-B due to its selectivity
causes the loss of compositional specificity of lipids and hence results the effect on cell viability
[139] has also been explained.
In this study, we elucidate the action of colistin against the lipid species LPS; a major
component of bacterial membrane. For this, we used vesicles leakage experiment to obtain the
insight about the permeabilization of model vesicles caused by colistin. It showed that, the
permeabilization depends upon the content of LPS and the concentration of colistin. AFM was
also performed to investigate the modulation of model planer lipid bilayer as well as the
morphological change in E. coli; a model bacterium. A cluster of nano-macro formation was
raveled on planer bilayer as detected by liquid AFM imaging which also depends upon the amount
of colistin and the LPS. The morphological changes as observed by AFM were quantified in terms
of surface roughness and the species height. The changes were observed to be time of incubation
and the concentration of colistin dependent. The results from all measurements agree each other
in general. This study will be useful to gain an insight in understanding the mode of action of
colistin on G (-) membrane for its distabilization.
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3.2

Results
As mentioned earlier, part of result such as vesicle leakage, topographical in SLB as

measured by AFM and the proposed mode of action are already included in the published paper,
so it is reasonable to include a brief summary here.
3.2.1 Vesicle leakage
In order to quantify the vesicles leakage due to colistin, fluorescence spectrometer was
employed over the ULV in a different ratio of LPS with POPC such as LPS/POPC = 0 (i.e. POPC
alone), 1/100, 1/30 and 1/10 (w/w) enclosing the calcein dye. By obtaining the fluorescence signal
obtained from the leaked calcein due to permeabilization caused by various concentration of
colistin, leakage % is expressed as a function of concentration of colistin (µM) as shown in figure
3.1.
Vesicles lacking LPS (i.e. POPC only) showed the very low increment of leakage after
attaining 10% of leakage. However, the leakage increased as the amount of LPS content in the
ULV increased i.e. for the ratio 1/100, 1/30, and 1/10 leakage have been able to attain ~20%, 40%
and 50% respectively. The maximum achievable leakage in a given setting was about 55% for 10
µM colistin for a 1/10 ratio of LPS/POPC. This show that, none of them has achieved the severe
damage on vesicles as should have done by Triton X-100 which gives 100% leakage. Thus, the
colistin causes the permeabilization on vesicles containing the LPS on the concentration dependent
and LPS content manner.
3.2.2 SLB measurement using AFM
We performed the liquid AFM imaging to carry out the possible morphological changes
caused by colistin on LPS contained SLB. For this, bilayer of LPS/POPC = 1/60 (wt/wt) was
prepared and treated with 10 µM colistin. Whereas the control bilayer showed the smooth and
homogenous topography as confirmed by height profile at the bottom panel, the treated bilayer
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turn out to be modified by small cluster of height 1-2 nm eruption which were visible in a given
region as shown in figure 3.2. The extension of such cluster were ~20 to 100 nm referred as nano
to macro cluster.

Figure 3.1 Vesicles leakage caused by colistin. Leakage % increment is relates with the increasing
in the concentration of colistin as well as amount of LPS.

In order to justify the leakage behavior with varying LPS content in a visible form, AFM
experiment was conducted on SLB composed of different content of LPS (i.e. LPS/POPC = 1/60
and 1/30) incubated with the same concentration (10 µM) of colistin first. Upon the exposure of
10 µM in both bilayer, a similar modification in bilayer was observed. However, the occupancy of
such cluster increased in 1/30 as compared to 1/60 sample (data not shown). This shows that,
higher content of LPS leads the higher modification of surface.
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Figure 3.2 Liquid AFM images of an LPS/POPC 1:60 bilayer before (a) and after (b) exposure to
10 µM colistin. Height scale is indicated by the color at the bottom. Scale bars are 200 nm.
(c) Height profile along the solid green lines (a, b) [62].

In the next step of measurement, the effect of change in concentration (5 µM vs 10 µM) on
the sample with LPS/POPC = 1/30 were examined. An evolution of similar feature were observed
but the density of feature appeared to be dependent on the colistin content. In other word, the large
number of clusters were observed for 10 µM as compared to 5 µM (data not shown). This shows
that, higher content of colistin for a given LPS creates the higher modification on a given surface.
Furthermore, an experiment by adding the MgCl2 for both type (ULV and SLB) of model
membranes were examined. The effect of addition of Mg2+ on ULV shows the reduction of leakage
as compared without it which is later supported by the AFM measurement on SLB due to the
formation of negligible amount of cluster as compared without Mg2+ (data not shown) [62], [140].
Which is in good agreement with many literature.
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Figure 3.3 Schematic diagram depicting the proposed mechanism of colistin-induced clustering
of LPS molecules in mica supported planer bilayers. The insertion of colistin into the
LPS/POPC bilayer causes a lateral redistribution of the LPS molecules. LPS-enriched
clusters are formed by electrostatic interactions between colistin and LPS. The protrusion
of colistin macrocyclic ring (and LPS oligosaccharide core) could account for the 2 nm
height of the clusters observed in AFM imaging. Owing to the discontinuity between the
cluster and the rest of the bilayer, solutes will have a larger probability of permeating
through the cluster edge. This model also predicts that bilayer permeability is positively
correlated with the total length of the cluster perimeter [62].

In order to address the cluster formation on SLB; a schematic model was proposed [62] as
shown in figure 3.3. The basis of this model was: as the colistin approaches the LPS/POPC bilayer,
it causes the lateral redistribution of lipids due to its charge and hence the charge enriched species
(LPS) form the cluster. The protrusion of height of 1-2 nm may be due to the bulky nature of
macrocyclic ring of colistin along with the LPS oligosaccharide core. Due to the discontinuity on
cluster edge, the solute would have a non-zero probability for permeabilization. Meaning, this
model also account the vesicles leakage result as discussed above.
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3.2.3 Measurement of E. Coli using AFM
After gaining the ideas of membrane modulation caused by colistin on model membranes,
an experiment with AFM on the real E. Coli bacteria was conducted. The result of this
measurement is presented in the following sub-chapter but before this, the determination of
Minimum Incubatory Concentration (MIC) value along with the effect on their kinetic growth is
presented as follows:
3.2.3.1 Prolonged lag phase
To study the effect of the exposure of different concentration of colistin upon bacterial
growth of E. coli, growth kinetic over 15 h was investigated. As the growth kinetic graph expresses
the variation of number of bacteria expressed in-terms of optical density (OD) carried out by 600
nm of wavelength against the time of incubation (figure 3.4), the controlled E. coli (i.e. incubating
in 0 µM colistin) in the culture medium followed the regular growth kinetics as expected.
Furthermore, when the concentration of colistin was increased from 0.25 µM and up to 4.00 µM,
inhibition of bacteria were observed clearly. This flatness of the curve at least until 15 h of time
indicates the ability of colistin to inhibit the bacterial growth. Since, five different concentrations
were chosen between 0.25 µM to 4 µM, so all the curves were overlapped and were not appeared
distinctly in the graph.
Incubation with the 0.125 µM of colistin however presents an interesting result. For this
amount of colistin, prolonged lag phase of the bacterial growth was observed (light blue curve in
figure 3.4). Quantitatively, the growth was prolonged by ~ 500 min as compared to controlled
sample. This lead to log phase increased slowly compared to controlled sample and hence reaching
of stationary phase with less number of bacteria after a long time may be expected. Thus E. coli

66

undergone a peptide driven prolonged bacterial growth phase in concentration dependent fashion
[141].
Based on this growth kinetic graph, the MIC value of colistin for E. coli was determined
to be 0.25 µM by using standard protocol “minimum concentration with that no visible growth of
bacteria” [142] and agreed with the reported value (< 1 µg/mL ~ 0.80 µM). So the choice of above
mentioned concentration to study the growth kinetic was relevant and inhibition at concentration
> 0.25 µM was justified.

Figure 3.4 Growth kinetics of E. Coli at different concentration of colistin.

3.2.3.2 Morphological change on bacteria
As, AFM has been a great tool to investigate the ultrastructure and mechanical properties
[143] of microbe’s membrane and model membrane [144]. It also probes the morphological and
structural properties of membrane even in the presence of peptide [145], [146]. In this study, AFM
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was employed to investigate the topography, roughness and the height of the bacteria without and
with colistin incubation.
For untreated sample, AFM image (figure 3.5) shows that the E. coli can be of different
size ranging from (2 µm to 4.5 µm), breath ~ 1.4 µm and height ~200 nm but all of were in a fix
rod shape (flat rod shape on the top of mica disk). Controlled sample of bacteria for some possible
time intervals were imaged i.e. 0 h, 1 h, 2 h and 4 h in order to - (a) test if there exist a ‘time driven’
morphological change even without any peptide treatment and (b) make the parallel sample to
compare with the colistin treated bacterial sample. The result shows that there were not much
different in their morphology which is confirmed by visual inspection. Meaning, there were no
time driven effect for at least until 4 h. Surface topography might have varied slightly from smooth
to moderately rough appearance for a given incubation time when the comparison was made
among each other may be due to the sample handling and preparation process.

Figure 3.5 Dry AFM height images for controlled E. Coli at 0 h (a), 1 h (b), 2 h (c) and 4 h (d).
Scale bars are 2 µm.
In order to obtain the insight of post colistin’s exposure against the pathogens; two
concentrations i.e. 1 µM and 5 µM colistin as representative ‘near-MIC’ and ‘far-MIC’ were
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chosen. The phrase ‘near and far MIC’ were used based on the obtained MIC value (0.25 µM)
which corresponds to 4 folds and 20 folds respectively.

Figure 3.6 Dry AFM height images of E. Coli treated with 1 µM colistin for 30 min (a), 1 h (b), 2
h (c) and 4 h (d) of incubation. Scale bars are 2 µm.

In the sample with 1 µM of colistin exposure till 30 min, bacterial surface was not much
change with respect to the untreated sample (0 h or even 1 h) but smoothness changed and turned
into roughness as shown in figure 3.6(a). As incubation time increased to 1 h, noticeable changes
were begin to appear in certain number of bacteria. This type of changes can be described as a kind
of “wrinkled” or “dimple” on the bacterial surface which extend from middle to edge or from edge
to edge (along widthwise direction, figure 3.6(b)). At the meantime, very limited number of small
protrusion like structure were noticed. Further incubating the bacterial solution to 2 h, increased
number of bacteria showing that kind of effect were observed (figure 3.6(c)). The projected
structure become more intense. The bacteria with such type of effect appeared to be less in height
compare to other wrinkled or roughed bacteria. Increasing the incubation time again to 4 h and
examining the images (figure 3.6(d)), following astonishing features were reveled: (a) projected
region changed to scalp structure leading to the erosion on bacteria yielding cell debris around or
near the bacteria, (b) wrinkles fused together in rough bacteria, (c) the microstructure such as
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flagella decreased significantly as compared to that of less time incubated samples and (d) majority
of the bacteria were appeared to be effected in some kind of form.

Figure 3.7 Dry AFM height images of E. Coli treated with 5 µM colistin for 30 min (a), 1 h (b), 2
h (c) and 4 h (d) of incubation. Image (c) and (d) are obtained from [140]. Scale bars are
2 µm.

In order to ensure the qualitative change caused by 1 µM colistin and to verify the further
interactions if there, higher representative concentration i.e. 5 µM (far-MIC) colistin was chosen
to conduct the similar experiment. Bacterial incubation was carried out by following the same set
of treatment time (i.e. 30 min to 4 h). In case of bacteria treated with 5 µM for 30 min, their surface
topography was found to be analogous to 1 µM incubated for same time (as described above) with
few exception such as occasional deepness in feature as shown in figure 3.7(a). Treating the cells
for 1 h with this strength of peptide, noticeable topographical change were observed (figure 3.7(b)),
however, surprisingly similar to what were observed for 4 h of incubation with 1 µM colistin. This
shows that, the sufficient concentration of peptide might be capable to work actively against
pathogens in a short period of incubation. Further treating the sample to 2 h, effected bacteria were
increased not only in terms of number but also in terms of topographical feature (figure 3.7(c)). In
other word, size of lumps if there were any, gained height as compared with that was observed in
case of 1 µM colistin’s action for same time of incubation. Finally, increasing the incubation time

70

to 4 h and examination of AFM images, following striking observations were made: (a) all the
bacteria were effected predominantly by projected structure in the bacterial surface, (b) reduced in
lump mass and erosion of flex structure, in other word, negligible cell debris appearance around
or near by the bacteria, (c) wrinkle in rough bacteria fused together and (d) the number of flagella
were consistent with that of controlled and initial hour of incubation as shown in figure 3.7(d).
Since the topography of bacterial surface was drastically changed with peptide
employment. So in the following paragraphs, to quantify the change in structural and surface
property in terms of height and roughness respectively upon pre and post treatment of colistin will
be discussed.

Figure 3.8 Dry AFM height images of E. Coli treated with 0 µM (a), 1 µM (b) and 5 µM (c)
incubated for 4 h (reproduced form last three images). Scale bars are 2 µm.

Based on the measurement of height of all bacteria available in the scanning region; change
in height of the bacteria were observed after the colistin treatment. For this conclusion to draw,
height comparison was made between 4 h controlled bacteria and bacteria with 1 and 5 µM of
71

colistin for 4 h (i.e. samples at extremities). For controlled bacteria, the range of the height was
almost uniform and ~220 nm. However, the height range for colistin treated with 1 and 5 µM were
~ 100-340 nm (high range) and ~60-120 nm (small range) respectively as indicated by the height
profile in figure 3.8.

Figure 3.9 An example showing the selection of region on the image reproduced from figure 3.7(a)
(green rectangle) (a) and the corresponding plane fitting using MATLAB program (b).
Scale bar on image (a) is 2 µm.

As of height measurement, roughness measurement was also based on the available
bacteria in the scanning region. Method for estimation of the roughness was followed in a similar
way that was discussed by Freudenthal, O. et. al. [147] with slight modification. Briefly, first the
region (600 nm × 300 nm) of interest within a bacteria in a given image was selected. Each area
were contained with the height profile as an actual intensity. The plane was fitted with those
intensity (fitted intensity) using the MATLAB program.
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Finally, using the equation: 𝑅𝑞 =

1
𝑁

2
√∑𝑁
𝑖=1 𝑧𝑖 ; the roughness was measured, where the zi

is the difference of intensity (i.e. actual-fitted) and N corresponds to the number of height within
the given region as shown in figure 3.9.
For the measurement of roughness and comparison; sample under consideration were 0 h
and 4 h control (to check if roughness arises in the life span process (physiology) of bacteria or
not) as well as the sample with 30 min and 4 h of treatment with 1 and 5 µM colistin. The choice
of 4 h was to know the effect of two different doses in a maximum time of inoculation under
consideration and to compare with 4 h of control (parallel sample) whereas the choice of 30 min
was to consider the effect of colistin treatments in the initial hour, so that comparison can be made
between final and initial incubation treatment time of corresponding colistin. Thirty minute was
assumed to be maximum time that could be allow to colistin to be dissolved into the bacterial
solution which was based on the startup effect that colistin has shown (refer to discussion of this
article). The obtained measurements of roughness for 35 regions within the available bacteria
caused by colistin is tabulated as shown in table 3-1. Briefly, the roughness for 0 h control sample
was 1.0±0.2 nm, whereas after 4 h the roughness changed to 1.1 ± 0.2 nm. This change did not
look like a significant. Similarly, with the incubation of 30 min, the sample treated with 1 and 5
µM colistin, the roughness turn out to be 1.1 ± 0.3 nm and 1.1 ± 0.5 nm respectively. Similarly, at
4 h, the roughness were determined to be 2.4 ± 0.7 nm and 2.4 ± 0.4 nm for the sample treated
with 1 and 5 µM colistin respectively. The change in roughness in the initial hour due to both
concentration does not change a lot with each other as well as with control. However, the change
is dramatic for 4 h of incubation in both treated cases. Compared to control, the obtained value of
roughness in 4 h of incubation for both doses turn out to be same, however, there is higher deviation
in 1 µM as compare to 5 µM.
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3.3

Discussion
In this study, the effect of colistin on model vesicles permeabilization was determined by

spectrofluorometer first. The permeabilization of vesicles was turn out to be dependent on
concentration as well as LPS content dependent manner. Interestingly, no sign of disruption of
bilayer as should have caused by detergent were observed. Secondly, the measurement of
morphological modulation was revealed by AFM. This measurement also showed the membrane
modification by eruption of nano to macro cluster of height ~2 nm on the LPS content as well as
colistin concentration dependent fashion. In order to address this changes caused by colistin, a
lipid clustering model was formulated. This model has been able to depict the mechanism of
colistin on LPS containing membrane by accounting their interaction due to their charge contain
and hydrophobicity. This model further gives the possible explanation on features formation based
on their molecular structure. The beauty of this model is, it also address the leakage of membrane.
More importantly, the model was devised as supported by sufficient number of literature. All this
have lead that work published in a reputed journal as mentioned already.

Table 3-1 Time and concentration dependence of roughness upon the exposure of colistin on E.
Coli. Here, n corresponds to the total number of region selected within an available
bacteria in a field of view.

74

In the second phase of study, the same colistin was applied on the live bacteria to
understand and compare the result on model membrane versus actual physiological scenario.
Comparison of two untreated bacterial sample i.e. immediate after harvesting and after 4 h of
further incubating in similar growth medium give an idea about if the physiology of tiny creature
alone in same environment changes in their topographical feature or not. Thus evaluating two
images of control E. Coli sample; just a “time’’ cannot be the factor for topographical change for
at least up to 4 h, provided that the growing environment and temperature is same. In other word,
time driven morphological changes were not observed at least until 4 h as long as the ambient was
favorable. Furthermore, during the sample preparation process, as the bacterial solution was
directly spread onto the freshly cleaved mica disk and let it dry at room temperature (notice: culture
was done at 37oC) with neither rehydration nor washing, that may be the reasons why they
appeared in cluster, aggregated and having dehydrated appearance under AFM image. The missing
of microstructure pili may be due to the limitation of AFM resolution. Also, the actual presentation
of bacteria might have been affected due to the use of very small aliquots of bacterial solution.
The results form treatment of bacterial cells with near-MICs colistin was evaluated. The
change in morphology became distinct as a function of time. As observed in higher time of
incubation, the origin of projected structure may be due to increase in roughness that arise from
the direct binding peptide to lipopolysaccharides (LPS) [134]. Furthermore, erosion may be due to
limitation in physical strength of bacteria to support or due to the motion of liquid in drying process
at the top of the disk. Wrinkled and/or the small projected structure were also reported in G (-)
pathogen P. aeruginosa and were found to be progressively increasing in size with the increase in
treatment time of colistin. This rise of wrinkle shape in the bacterial surface may be due to the loss
of LPS and or surface protein of the bacteria [148]. Despite this variation in surface and change in
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height, their average length and breadth remain unaltered upon colistin treatment with this
concentration.
To examine and extend the idea of post colistin’s effect due to 1 µM, a far-MIC
concentration (5 µM) was chosen. Compare to near-MIC colistin, far-MIC shows the adverse
effect even in short time. And also, the rigorousness of reaction was higher if same treatment time
was compared. In case of sample incubated in 5 µM for 2 h and up as compared to near-MIC
sample, eroded flakes in background were missing. Those eroded flake might have turned already
into further fine-particle due to high strength of compound and hence could not trapped into the
centrifuged pellet but withdrawn unknowingly as the supernatant during the washing process of
the growth medium (LB) may be the reason why debris were absent in scan region. Reappearance
of the bacterial flagella in case of sample incubated in 5 µM may be due to the fact that, flagella
might not got any effect with the colistin whereas the disappearance in previous cases were just
the selection of scanning region or covered by the flex debris that came from the bacterial outer
surface in the form of erosion. As mentioned earlier, in the same period of incubation time, the
effect due to 5 µM colistin’s was magnificent as compared to the effect of 1 µM, which is due to
the action of colistin in concentration dependent manner [123], [141]. Noticeably, the change in
the effect of 5 µM colistin incubating for 1 h as compared to 30 min was dramatic. This may be
the indication of existence of minimum time of reaction that requires for peptide to show the
disruption against the pathogens. The effect of 5 µM for short period of incubation time was
analogous to the effect of 1 µM for longer time. In addition, with the established good correlation
between the extent of bacterial membrane damage with increasing incubation time and peptide’s
strength [149], our result suggests that, sufficient concentration of peptide may be trade of with
the time of incubation. Finally, increase in the size of lump indicates either the membrane was
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damaged severely or the lysis of the internal content [82] of the bacteria or both due to the effect
of peptide. Similar appearance of coarse structure wrinkle and increase roughness in E. coli treated
with polymyxin-B; another class of polymyxin and recognized as a model polymyxin were
reported. And also the non-detachment of fibrous structure such as flagella from E. coli was
presented in the form of AFM image [134]. Since, as per the similar mechanism of action of two
polymyxins [65] is concerned; our result of having wrinkle structure, non-missing flagella, coarse
looking projection structure, increase roughness due polymyxin-E against E. coli are admissible.
We also observed the discrepancy in height and roughness of the bacteria upon pre and post
treatment. The flat appearance of the bacteria with 5 µM treatment in AFM image is thus due to
drastic change in vertical dimension after the treatment suggests the possible loss of intracellular
material due to lysis of the bacteria as mentioned earlier or capsule removal action of colistin [150]
and their dissolution in the solute already. The possible reason of increased height with treatment
of 1 µM at 4 h may be the bacteria are within the process of lysis of internal content. Thus with
the movement of intracellular content to the outer region or eradication of capsule; the change in
topography was obvious and hence the roughness of the surface came to change significantly. The
roughness in the initial hour of incubation for any concentration is not change dramatically as
compare to control surface. However, in 4 h this change is a lot. The fluctuation in roughness in
case of 1 µM at 4 h as compared to 5 µM may be due to the progress on lysis process rather than
completion for same period of time.
Despite of these interesting observations, readers may come with few speculations such as‘local increase in colistin’s concentration due to drying thus leading to create the unexpected
apparent damages on bacterial surface’ and ‘the lack of depicting dynamical change in morphology
induced by peptide due to the use of end-point imaging protocol’. These doubts can be addressed
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as follows: unlike the image obtained by AFM in liquid, dry scan image exhibits the sufficient
features of surface [151] with greater resolution [152], so drying procedure was adopted as a part
of our sample preparation. And, as long as the concentration is well correlated with surface
damage, local effect of peptide due to drying may be considered [153]. Furthermore, we believe
that, our attempt of taking four measurements within 4 h may fulfill certain requirements of
dynamical picture of the effect to some extent, although, exact comparison may evolve with
uncertainties.
As we have both kind of studies on membrane (model and E. Coli) modulations of colistin,
now it is reasonable to present an analytical comparison between them. As our first and foremost
priority was to prepare the model membrane that mimic the real bacteria. However, due to the
limitation of stability of large amount of LPS as compared to POPC in model membrane formation,
the model membrane contain 10% LPS maximum whereas 75% content of LPS present on the
outer leaflet of the outer membrane of G (-) bacteria. Also noted that, the model membrane that
had been created was symmetrical whereas the G (-) has asymmetrical containing other many kind
of molecules and channels than lipids only in nature. Furthermore, the internal contain of bacteria
is way off than the vesicles contain in terms of their nature, viscosity and content. However, the
results from the model membrane support the membrane modulation that has been observed in real
E. Coli bacteria with the following observations: The change in morphology turn out to be
dependent on the colistin content and the time of incubation which is in the same line as model
membrane. The deflation of the bacteria over the time due to the colistin must be due to the leaking
of internal content rather than the disruption which is in agreement with the model vesicle leakage.
Furthermore, the change in morphology as occupied by different kind of features such as
projection, wrinkle etc. may be related with nano-macro cluster, however small, must agree with
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each other quantitatively. I believe that, it may be only the matter of fact the way that the actual
bacteria responses external molecule should be different with that of model system.

3.4

Conclusions
In this project, we report the effect of colistin on different type of membranes. Fluorescence

based spectroscopy reveled the leakage of vesicular form of model membrane containing LPS.
Where, the colistin has been able to permeabilize the membrane upon exposure. The degree of
permeabilization depends upon the content of LPS on membrane as well as the concentration of
colistin. AFM based measurement on the other hand showed the structural modulation of
membrane upon colistin exposure which also depends upon the amount of LPS and colistin.
Formation of nano height with nano to micro sized cluster on membrane due to colistin indicates
the colistin’s ability in altering the structural integrity. A lipid clustering model was proposed to
account both structural change as well as permeabilization. Another AFM based measurement on
E. Coli showed the similar changes on it. Deflation of E. Colis by keeping the shape intact as
revealed by AFM was an indication of leakage of internal content for their inhibition. Furthermore,
the appearance of different features such as wrinkle, protrusion and the change in roughness may
resembles with the formation of features in model bilayer surface due to colistin addition.
Qualitatively, the model supports the effect observed on bacteria. Thus, this study has been able
to present the bio-physical action of colistin on the LPS containing membrane and can be further
helpful to understand the membrane modulating behavior of colistin.
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4

MEMBRANE MODULATION CAUSED BY THE 14-31 SEGMENT OF MATRIX
PROTEIN (MA14-31)

This chapter deals with the study of broad spectral activity of MA14-31 of HIV-1 matrix
protein including the modulation of lipid membrane of various compositions as observed by FM
and AFM as well as the fusion of small vesicles as measured by FRET, confirmed by DLS and
complemented by FM in a concentration and lipid species dependent manner. Part of the work is
in the preparation for publication. The objective of this study is to elucidate the potency of MA1431 in

4.1

modulating the membrane upon its interaction for its relevancy on viral research.

Introduction
The gag poly-protein, lying underneath the inner leaflet of HIV-1 viral envelop; is one of

the structural proteins that plays an important role in cooperative and stepwise manner to make a
retroviral particle production successful [68] through the assemblge and hence budding of the
lipids. Being the polyprotein, it consists of matrix (MA), capside (CA), nucleocapside (NC) and
P6 with often connected by interspersed peptide (SP1 and SP2) of unknown function (i.e. MA
(myr-MA) – CA – NC – p6)) [67], where ‘myr’ refers to the myristol moiety (14-carbon saturated
fatty acid) at N terminal of MA.
This unit of protein plays a crucial role to interact by targeting and binding the gag with
plasma membrane (PM) and to incorporate the env protein; particularly the MA is required to
target the PM whereas myristoyl moiety is for effective binding which is essential for viral
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assembly [67], [69]. The reason behind this could be their inherent characteristics i.e. while MA
consists of basic domain and capable to interact electrostatically with acidic phospholipid; the
myristoyl moiety promotes membrane binding hydrophobically [70].
In a myristoylated matrix protein (myr-MA) version, the myristoyl can adopt two possible
states (myristoyl switch) i.e. sequestered on the solution or exposed on the membrane (provided
the similarity in ternary structure of both states) due to not just by mechanically induced
conformation change as contributed by highly basic region (HBR) (residue from ~17-31 of MA)
during the interaction with acidic phospholipid but due to the entropic modulation in persisting
equilibrium [154]. The NMR structure of the matrix protein revels a single globular domain
consists of 5 α-helix capped by 3-stranded β-sheet trimerized (triangular assembly) in the
crystalized state. The orientation of trimer on viral membrane during the interaction is: the
myristed end inserted into the phospholipid membrane and N proximal basic residue oriented to
make ionic interaction with phospholipid head group and hence contribute to stabilize the
membrane in synergetic way whereas the 5th α-helix projects towards the center of virus [155].
Alfadhli et al. (2007) have shown the myristelated MA’s hexamers assembly on PS/Cholesterol
membrane [156], where-as, same research group in 2009 showed its hexamers of trimers
organization on PC/Chol/PI(4,5)P2 [157]. Recently, based on the analogues with enzymology, the
membrane-binding prone conformation has be provided with the new nomenclature i.e. Relax ‘R’
(exposure) and tensed ‘T’ (sequestered) for monomeric and trimeric state respectively which
applies for both un-myristoylated and myristoylated matrix protein [158]. In vivo and in vitro
assays have be able to show that membrane bending abilities of MA increased with the degree of
multimerization [159]. However, the actual interaction of MA with inner leaflet of PM to
contribute in viral assembly process in a molecular level remains to be elucidated. While other’s

81

gag protein such as alpha retrovirus (e.g. RVS) and the lentivirus equine infectious anemia virus
(EIAV) interacts without myristoylated end, retroviral gag protein (MA)-PM binding may be
governed by different possible principles [32] such as: electrostatic [160], hydrophobic, lipid
specific interaction [161], [162], membrane ordering and the lipid/membrane behavior [159], [163]
and lipid packing [164] as MA from different retrovirus shares the common functionalities despite
of their low sequence similarities.
A small segment consisting the residue from ~17-31 of matrix protein’s domain called
(HBR) as well as myristate of gag protein interact with the head group lipid mediated specifically
by acidic lipid PI(4,5)P2 (phosphatidylinositol-4,5-biphosphate; which is enriched in inner leaflet
of plasma membrane and is regulator for target [165]). The HBR promotes the interaction as a
docking site whereas the myristate facilitate the insertion. If the role played by basic residue is
accounted, the K17 (Lysine (Lys) 17), K29, K31 are important for gag-PM binding in the presence
of PI(4,5)P2 whereas the K25 and K26 inhibit PI(4,5)P2 dependent membrane binding [71]. While,
PI(4,5)P2 is characterized as an important binding site for MA; the PS, PE and PC that are enriched
in inner leaflet of mammalian cell also interact directly with it through hydrophobic region [35].
In an investigation of the effect of myristoylated vs non myristoylated MA (HBR) upon lipid
bilayer using X-ray scattering and neutron reflexivity it has been found that, the myristoylated only
aids binding to non myristoylated when strong electrostatic interaction is not predominant for
charge neutralization. In addition to this, equally charged PS an PI(4,5)P2 behaves completely
differently with added non myristoylated MA. More precisely, PI(4,5)P2 gets soften (less ordered)
whereas PS stiffen (more ordered) with increase amount of peptide; thereby PI(4,5)P2 is more
likely susceptible to membrane reorganization and hence the viral budding [166]. In a recent study
of gag polyprotein on a model GUV composed of phospholipid, PI(4,5)P2 and cholesterol, it has
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been shown that only myristolated-gag is effective whereas gag without myristolation end has no
effect on GUV [167]. This way, the MA has been investigated either by using only the ~17-31
domain as HBR (rarely) or myristoylated HBR (most often), but never been utilized in the form of
a segment of only amino acid of sequence 14-31 without any myristoylation (i.e. MA14-31) could
possibly due to the biological irrelevance of HIV-1 infection. In contrast, our interests on the
characterization of MA14-31 (which obviously includes the HBR) alone over the model membranes
(i.e. GUV, SLB and SUV) made of lipid molecules by using FM, AFM and FRET are: to
apprehend how it modulates the structure and organization of lipids bilayer without myristoylated
end, to simplify its contribution in understanding the molecular mechanism associated with GagPM interaction (membrane stabilization), to serve as a model matrix protein for other retrovirus
such as RSV, to probe the membrane electrostatically and/or hydrophobically, to analyze its
behavior over neutral and charged lipids as well as cholesterol and more importantly to test the
hypothesis that if it has a broad spectral activities or not.
In a study of the effect of retroviral structural protein gag (i.e; RVS gag); a model MA, the
membrane association with protein using GUV containing PS species was found to be sensitive
with membrane charge whereas with the membrane order is not [15]. In another study of liposome
floating study assay to test if HIV-1 MA can sense the hydrophobic part of the bilayer, it has been
shown that the HIV-1 gag (myristolated-MA) preferentially binds with the unsaturated acyl chain
compared to the saturated as well as with the cholesterol [168]. However, the affinity of HIV-1
MA (without myristate) to PC/PS bilayer membrane (in absence of PI(4,5)P2) is almost insensitive
to the cholesterol content [169]. The RVS gag on the other hand has no sensitivity to the saturation
of acyl chain [170]. In addition to this, MA dimer has no sensitive to cholesterol, the clustering of
MA is required for efficient membrane association and their non-specificity of interaction with
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PI(4,5)P2 have been hypothesized in case of RVS [163]. Compare to HIV-1, other several
retrovirus lacks the myristate modification, so MA must have some important role in membrane
association through electrostatic interaction as mentioned earlier. Regarding the orientation during
or after the pure electrostatic interaction, in one study, MA was found to be oriented in the
peripheral region by penetrating the membrane head group specifically interacting with side chain
Lys and Arg residue [171].
As a matter of interaction between matrix protein-lipid come into the picture, the lipid raft
association of MA or the gag may be of concerned. Lipid rafts are the dynamic lipid-ordered (Lo)
nano-domain (~10 nm - 20 nm) enriched in glycospingolipid and cholesterol as the hallmarks and
the proteins which is believe to exist in the biological cell membrane associates with the multiple
functions such as protein sorting, membrane trafficking, signal transduction, adhesion and so on
[172]. In addition to the doubt on their real existence at the outer leaflet of cellular membrane, the
existence in the inner leaflet is also a subject of debate. Despite of the controversies or lack of
established theory, because of the similarity in the composition of nano-domain of virus with host
cell, their rafts are likely to be used by pathogens for the infection [173], [174], [30]. However, the
effect of MA14-31 over the lipid membrane in terms of lipid-raft based interaction would be beyond
the scope of this work because the model membranes that are created may not fulfill the criteria of
lipid raft. Indeed, the compositions such as POPC/POPS and POPC/POPS/Chol may not be
expected as phase separated at room temperature [175].
In above studies, although this particular segment of MA (i.e. 14-31) was not used,
nevertheless the concerns were mostly on its PM targeting and binding properties to aid the viral
assembly process. Furthermore, it seems that its behavior in simplified model system to study the
individualism were paid less attention. Therefore in the present study, to access the several possible
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effect of MA14-31 on the organized lipid systematically, an attempt of using simplified models is
devised. It consist of the membranes composed of minimal number of biologically relevant lipids
such as1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidycholine (POPC), 1-palmitoyl-2-oleoyl-snglyceri-3-phospholserine (POPS) and Cholesterol (Chol) where the peptide is tested to extract the
qualitative as well as quantitative data by ideally suited techniques such as FM, AFM and FRET.
FM is used on giant unilamellar vesicles of various composition of lipids to monitor the kinetic
response of lipids on GUV. The use of optical microscopy in biophysical investigation on the
model system such as GUV composed of lipids due to the pore forming peptide [19], antimicrobial
peptide [176], membrane binding peptide gag of HIV-1 [177] etc. are also well established. Then
based on that observation, the measurement by using the atomic force microscopy on supported
bilayers composed of several lipids is carried out. AFM has been utilizing to probe the model and
the native membrane [178] including the interaction with virus [179], antimicrobial peptide [62],
presynaptic protein [180] and the real time visualization of viral budding event [181] etc. for a
long time. Combination of these two techniques reveal not only the real time effect but also the
structural modulation within an nanoscopic regime due to fluorescence microscopy and the AFM
respectively [39]. Another spectroscopic technique such as FRET which gives the quantitative idea
of the vesicles if they have been fused is also used to elucidate if it plays a role in fusion process.
Which is further quantified with DLS and confirmed by FM. The purpose of examining only the
14-31 segment of MA without added myristate piece in this project is to test the hypothesis that if
it could play enough role to regulate the membrane binding as well as to get insight on its broad
spectral activity against the lipid species.
In addition to the vesicle’s breakage caused by the MA14-31, our results by the fluorescence
microscopy clearly shows the appearance of up to micron sized vesicles around the parent vesicle
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in all three kind of model lipid compositions in different proportions. Meaning, the mentioned
results of MA14-31 due to fluorescence microscopy depends upon lipid compositions. However, the
effect appears to be similar nature wise. The measurement of AFM is carried out over the similar
compositions starting from the one which most likely mimic the inner leaflet of plasma membrane
(i.e. POPC/POPS). The AFM on the other hand, revels two to three kinds of distinct changes such
as: pore or crack formation, appearance of raised structure on crack’s proximity and the evolution
of bead/flake shaped lipid’s entity depending upon the lipid composition in addition the lipid
extraction in all cases of bilayer at the higher concentration of peptide. All those structural changes
caused by MA14-31 on lipid bilayer are quantified and confirmed by obtaining the height profiles.
The vesicles fusion measurement obtained by using the FRET shows the decrease in resonance
energy transfer efficiency with the increase in peptide concentration indicates the fusion of
vesicles. This is confirmed by the DLS measurement based on the obtained enhanced size of the
vesicles from the fusion of nano-sized vesicles which is further supported by FM imaging of
aggregated vesicles with increasing concentration of peptide. The observation of different forms
of effect in different systems of measurements are normal, however, relating them to each other is
important which might be challenging too. In this project the results from three major type of
measurements appear to be fairly consistent. Now, the hypothesis of three kind of changes in total
caused by MA14-31 can be set by relating them from each measurement i.e. (a) the
pore/crack/rupture formation on bilayer to the breakage of GUVs to end their existence, (b) the
uplift of the bilayer’s surface to the unknown structure that could be associated with the breakage
of GUV again which is limited to visualized due to the resolving limit of optical microscopy and
(c) the evolution of bead flake like structure on the bilayer’s top for anionic lipids to the appearance
of up to the micron sized vesicles around the parent GUV and may be related with the fusion of
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small vesicles due to the assembling process. Beside three kind of changes, striking observation is
that MA14-31 has come to effect the membrane without myristoylation regime, in a way that is
selective towards the lipid species, and the cholesterol’s suppression to its effect as confirmed by
the FM and AFM measurements. Overall, our experimental results will provide the overview of
the effect of MA14-31 on lipid membrane in a broad spectrum. This will definitely help narrow
down our understanding about the mechanism of membrane’s modulation due to this peptide.

4.2

Results

4.2.1 Effect of MA14-31 as examined by fluorescence microscopy on GUV
The goal of this study was to gain an insight about the mechanism of action of MA14-31
upon its exposure on model membrane. GUVs made of various kind of lipids were used for this
purpose because they provide an opportunity to test the effect of peptide in a membrane-mimetic
environment by offering an individual system. A vesicle composed of POPC/POPS was considered
to be the original system to test and later modified it to get two more either by adding the
cholesterol i.e. POPC/POPS/Chol by excluding the POPS as well as cholesterol on it i.e. POPC
alone. In order to acquire the qualitative data of the interaction, the florescence microscope was
used. The choice of this form of microscopy was due to its ability to supply the real time event.
The aim of adding Rh-DPPE was to enhance the fluorescence imaging. The peptide should be
tested on only those vesicles who could guarantee their changes if happen were not driven by
external physical factors such as time, surrounding temperature, exposure of light etc. So in order
to confirm the intactness of vesicles in a controlled environment, a ‘control’ experiment was
conducted by adding a same amount of buffer instead of peptide on the top of vesicle’s solution.
After confirming the preservation of their morphological structure for a reasonable time (~10 min)
under the given physical conditions, GUVs solution was now assumed to be applicable for further
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testing upon MA14-31’s exposure. Thus any changes observed after its addition on vesicles within
that limit of time were recorded as ‘the effect’.
To initiate the testing, a concentration of 5 µM (final) of MA14-31 was chosen and added by
hit and trial method. The changes in vesicles due to this amount were turned out to be reasonable
in the sense that, some of them appear to be effected and rest of them are intact. Assuming that,
this strength of peptide was enough to cause the change in vesicles, 5 µM was considered for all
testing. This was also an indication of the existence of its threshold concentration to show the
effect as in case of other peptides. However, not much emphasize was given on its strength (and
even on the possible ‘higher local concentration’) because this research is focused primarily on the
qualitative aspect of mechanism of action on the model vesicles. The application of uniform
concentration of peptide in all compositions made easy comparison of the effects at least w.r.t. its
strength. Finally, it is worthy to mention some interesting points that were noticed during the
experiment: (a) in a given distribution of vesicles, not all are equally affected (as mentioned
earlier), there may be some left unperturbed and hence appear to be robust, (b) any changes caused
by peptide on vesicles were appeared to be irrespective to their size and the position w.r.t. the
sample holder, (c) the effects on vesicles started normally within a few minute and last until ~5
min of peptide addition, (d) the minimum number of vesicles were included in the field of view
during the scanning process to get rid of possible interference caused by other’s presence and (e)
the vesicles in a given distribution were affected in a stochastic way.
As a sequence of testing, MA14-31 was first tested on the vesicle of original composition of
lipids and later onto the compositionally modified vesicles, therefore, the results will be presented
on the same format as follows:
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Figure 4.1 Real time response of model vesicle (GUV-midplane) of composition POPC/POPS on
5 µM MA14-31 to form up to micron-sized vesicles around. Interestingly, the vesicle suddenly
breaks at around ~106 s. The number with unit (i.e.‘s’) on the top-left corner of
micrographs indicates the time scale where the 0 s in first image is used to indicate the
time where capture of changing moment takes places or moment of best captured (this
applies to the rest of images showing the change unless otherwise stated). Scale bar of 20
µm is used in all the fluorescence micrographs unless otherwise stated. The invisibility of
background’s residual lipid patch may be due to the confinement of fluorophores within the
remaining features (and this also applies to all the images unless otherwise stated).

4.2.1.1 The effect of MA14-31 on POPC/POPS
The changes in vesicles due to the perturbation caused by a given concentration of peptide
were recorded immediately upon its addition. By accounting the several trials of experiment, aside
from the breakage of vesicles (data not shown) the qualitative effect of MA14-31 on POPC/POPS
was the evolution of tiny vesicles around the parent as shown in figure 4.1 (explicitly before the
breakage event at ~106 s. The size of appeared vesicles ranges from nano to few micron and were
appeared to be many in number. The moment of capturing of this type of event with available
microscopy was possible only at some middle point of the actual event because effect appears to
happen right immediately after the peptide addition. Interestingly, after the tiny vesicles formation
around, the parent vesicles become either got broken or remain intact. In figure 4.1, at the moment
of first capture, there were already many small vesicles around, however, their evolution has been
appeared to be in progress with time until the parent vesicle came to break may be due to the reason
that its intact limit was crossed. As mentioned before, the newly formed vesicles were very small,
indicating the change in volume of parent vesicle due to this phenomenon was barely expected.
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Figure 4.2 Fluorescence micrographs of the response of model vesicle (a) POPC/POPS/Chol and
(b) POPC exposed to 5 µM MA14-31 to give rise the nano-sized daughter vesicles around.

4.2.1.2 The effect of MA14-17 on POPC/POPS/Chol and POPC
In the next step of experiment, 5 µM MA14-31 was tested on the lipid composition that is
obtained by slight modification on the original one i.e. by adding 30% mole of cholesterol but
keeping the same amount of Rh-DPPE on POPC/POPS (i.e. POPC/POPS/Chol) as a first
modification and by excluding both POPS and cholesterol but keeping the same amount of RhDPPE (i.e. POPC) as a second modification. The physical relevance of adding the cholesterol lies
in the fact that, the host cell plasma membrane requires it to form the ‘raft’ whereas discarding
both cholesterol and POPS is to account at least one of the common ingredients of both leaflet of
host cell. The dynamic of GUV obtained after adding cholesterol and removing cholesterol plus
POPS did not appear to be changed in the micro scale. Interestingly, the effects that were recorded
after peptide addition on these compositions were appeared to be similar in nature (i.e. the
formation of nano-sized vesicles around their parent). However, quantitatively based on visual
inspection, this effect appeared to be less in terms of parent GUV showing this effect as well as
the number of evolved daughter vesicles as compared to that was observed in original composition
as shown in figure 4.2.
Based on the observations of the effect in all three compositions, it indicates that:
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(a) The MA14-31 affects the model system irrespective to the myristol’s involvement of the
interaction because MA14-31 did not contain myristoyl end.
(b) It has higher affinity to the system of lipids which hold charge on it because the original system
was highly affected as compared to the modified compositions which is confirmed by visual
inspection indicating the active electrostatic interaction.
(c) The MA14-31 also affected the system containing cholesterol in a similar but suppressed way to
that of without it because the second system contains a significant amount of cholesterol whereas
first did not. Meaning, its effect may be inhibited by cholesterol.
(b) It also affected the neutral lipids as confirmed by the effect shown on the second modified
composition indicating the hydrophobic or non-specific interaction.
(e) The effect of MA14-31 appeared to be less likely to compare among last two modified
compositions could possibly due to the limitation in measuring instrumentation.
(f) The overall effect at the end appears to be similar in all compositions qualitatively indicating
the pathway could be specific irrespective to which interaction dominants what.
In short, MA14-31 was capable to bind on lipid without the myristoylated motif, specific to
the nature of interacting lipids, effect suppressed by cholesterol contain and has affinity towards
the neutral lipids too and the effect itself was driven by following a specific pathway.
Finally, unlike the breakage caused by the peptide, the appearance of tiny vesicle around
their parent was observed less often, meaning either this phenomenon is dominated by breakage
event or it requires a further testing.
4.2.2 Effect of MA14-31 as examined by AFM on SLB
We next explored the effect of same peptide on planar model membrane by using the AFM.
This method was a follow-up to complement our previous measurement. The objectives of this
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way of measurement were: to extract the information of the well resolved nano-sized topographical
features modulated by MA14-31 peptide and to compare or contrast the results with previous finding.
So, in this episode of the project, our focus was on liquid AFM investigation on the effect of MA1431

upon a supported lipid bilayer (SLB-AFM) created by the mixture of lipids as mentioned earlier

i.e. POPC/POPS, POPC/POPS/Chol, POPC as well as on the additional bilayer POPC/Chol.
Again the test of a given peptide on POPC/POPS (original composition) was initiated by
adding 5 µM MA14-31 on it as was done in our previous work. It turns out to be visibly high enough
to modify the membrane’s topography. Therefore, the strength of peptide is reduced down until
~25 fold (e.g. 2 µM, 1 µM, 0.5 µM and 0.2 µM) and the effects were examined. Since our primary
focus was to extract the qualitative information of the changes caused by peptide, however, it was
worthy to mention about the changes in terms of their strength too. For instance, the change caused
by 0.2 µM MA14-31 was less whereas it is reasonable for 1 µM and 2 µM. Therefore we considered
these concentrations on above mentioned bilayer for explaining our observation. Obviously, the
effects were determined only on the basis when there comes some changes on controlled bilayer
after peptide injection. It was noted that, the sole aim of added CaCl2 was to enhance or accelerate
the SUV fusion to form a uniform bilayer because calcium ion has high propensity to promote the
fusion [182], [54] and has nothing to do with either the change caused by peptide or the interference
to the peptide’s ability in a first order. During the experiment, it came to note that; the MA14-31
happen to be preferential to the bilayer defect such as hole if they exist before adding the peptide.
4.2.2.1 POPC/POPS bilayer
The AFM image of controlled POPC/POPS planer bilayer before peptide incubation
appeared to be macroscopically continuous and homogenous which was confirmed by negligible
height variation as revealed by height profile (not shown). After introducing the MA14-31, on the
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other hand, the planer bilayer was modified significantly as shown in figure 4.3. Clearly, three
distinct features (mild to high dark (up to -6 nm), light yellow (~+1 to +2 nm) and yellow (~+5 to
+6 nm) as compared to the reference plane (RP; mild brown leveled at -1 nm in height profile)
were observed which were indicated by the color bar scale at the right end of the figure 4.3 and
confirmed by height profile placed on second panel of corresponding figure. First feature can be
assumed as the holes (HO) (hole: if it has finite size, damage: if it has unlimited spread and rupture:
if it has some extension) as shown in figure 4.3. The second feature, because of its small height,
appeared to be raised structure (RS). It was noted that the presence of HO was not only on RP but
also at side by side or on the top of RS. This kind of features could have any shape, extension and
the distribution. The RP, HO and RS all together appear to possess highly corrugated boundary.
Finally the third kind of feature; highly raised (HR) (like bead/flake or bleb) could be observed as
the scattered entity (figure 4.3(b) and (c)). Interestingly, this feature appeared to be most likely
discrete and have some definite shape and increase with increased concentration. Furthermore,
lipid extraction features were also observed in an increasing occupancy with increase in
concentrations as seen explicitly in figure 4.3(c).
Next, another experiment was conducted with increased amount of MA14-31 i.e. 2 µM to
test if it causes any fundamental change or not as compared to 1 µM MA14-31. Interestingly, similar
modifications such as HO, RS and HR were observed as shown in figure 4.4(a) (note that: figure
4.4(b) is the highlighted section of 4.4(a)), however, HR feature appeared to be highly dense and
not in a finite shape may be due to the increased effect caused by high concentration of peptide.
The less distinct RS was presumably due to the presence of highly dominating HR feature. On the
other hand, appearance of HO feature was from shallow depression to the pit. Height profile
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corresponding to figure 4.4(a) and (b) were presented on second panel where the depth of HO is
measured to be up to -4 nm and the height of HR was up to +5 nm w.r.t to the RP.

Figure 4.3 AFM image of POPC/POPS lipid bilayer incubated with 0.2 µM (a), 0.5 µM (b) and
1.0 µM MA14-31 (c). Their corresponding height profiles along the sketched line are placed
on the second panel in the same order. Scale bars are 500 nm.

Evaluating the perturbations caused by these concentrations on POPC/POPS bilayer;
peptide approaches the bilayer to perform the triple role in general i.e. hole/rupture formation (HO,
from shallow to deep), the bilayer upturn/lifted (RS, of height ~1 to 2 nm) and the lipid bead or
bleb (HR, as a flake like structure of height ~5 to 6 nm) as well as the lipid extraction. This
generalization of effects of peptide were based on these strengths because of the fact that the
qualitative change caused by any strength of a given peptide was believed to be invariant ideally.
Note that, based on the height profile, HR could be assumed as an independent portioned bilayer
structure (flaked) preassembly resulted from the assembly process or the uplift of a portion of a
bilayer as a whole (will be discussed later). A similar results were obtained while the bilayer of
POPC + 20 mol% POPG is examined by doping 1 µM MA14-31 on it (data not shown).
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Figure 4.4 AFM image of lipid bilayer: POPC/POPS + 2 µM MA14-31 (a), portion of ‘a’ zoomed in
(b). The corresponding height profiles along the traced lines are placed on the second panel
in the same order. Scale bars of (a) and (b) are 500 nm and 100 nm respectively.

4.2.2.1 POPC/POPS/Chol bilayer
We also employed the AFM to study the effect of different concentrations of MA14-31 in
first modified composition (i.e. POPC/POPS/Chol) with special attention on the role of cholesterol
as shown in figure 4.5. We observed a similar kind of change in bilayer after peptide introduction
in a bilayer (i.e. HO, RS and HR formation), however in less intensive in terms of the effect as
compared to the effect of corresponding concentration in original composition (i.e. POPC/POPS).
The effect within the composition, 0.2 µM modified the bilayer dominated by sharp holes (figure
4.5(a)), whereas 0.5 µM created features are dominated by RS (figure 4.5(b)) and 1.0 µM give rise
the additional feature of HR and lipid extraction in some extend (figure 4.5(c)), but less
quantitatively as compared to the original composition.
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Figure 4.5 AFM image of POPC/POPS/Chol lipid bilayer incubated with 0.2 µM (a), 0.5 µM (b)
and 1.0 µM MA14-31 (c). Their corresponding height profiles along the sketched line are
placed on the second panel in the same order. Scale bars are 500 nm.

4.2.2.2 POPC Bilayer
We used AFM to study the effect of MA14-31 on zwitterionic POPC bilayers. The coverage
of the effect was much less than POPC/POPS and less than POPC/POPS/Chol and show only two
kind of features (i.e. HO and RS) as shown in figure 4.6. As expected 0.2 µM’s perturbation is
dominated by HO formation, whereas 0.5 µM is RS and 1.0 µM has both features in similar
proportions as shown in figure 4.6(a), (b) and (c) respectively . The coverage of effect was equal
or higher with increase in concentrations of peptide. The 1.0 µM could create very small amount
of lipid extraction however devoid of HR feature.
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Figure 4.6 AFM image of POPC lipid bilayer incubated with 0.2 µM (a), 0.5 µM (b) and 1.0 µM
MA14-31 (c). Their corresponding height profiles along the sketched line are placed on the
second panel in the same order. Scale bars are 500 nm.

4.2.2.3 POPC/Chol bilayer
In addition to the above three baseline compositions, AFM was also used to study the effect
of MA14-31on POPC/Chol bilayer. This allowed to study the effect of cholesterol’s addition on
zwitterionic lipid as well as to re-confirm its role in membrane against the effect of MA14-31. Figure
4.7 shows the effect of different concentrations of MA14-31 on POPC/Chol. As compared to the
composition POPC, the effect was highly reduced in terms of the coverage in any concentrations.
Furthermore, the holes formation were highly inhibited in this composition. Interestingly, the
features were mostly dominated by the RS features. HR features were not observed in higher
concentration but the lipid extraction effect although very less quantitatively were still present in
these modified bilayer.
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Figure 4.7 AFM image of POPC/Chol lipid bilayer incubated with 0.2 µM (a), 0.5 µM (b) and 1.0
µM MA14-31 (c). Their corresponding height profiles along the sketched line are placed on
the second panel in the same order. Scale bars are 500 nm.

4.2.3 Vesicles-vesicles fusion caused by MA14-31
In order to obtain the vesicles-vesicles fusion information, FRET was employed. For this
to carry out, two kind of SUVs i.e. POPC/POPS/N-NBD-PE/N-RH-PE and POPC/POPS were
mixed in equal proportion (volume) and incubated in different concentrations from 0 (control) to
10 µM of peptide. The fluorescence intensity was measured by using the spectrofluorometer. The
intensity measurement for different samples are shown in figure 4.8. The first intensity peak at
~535 nm refers to the emission of N-NBD-PE for a given excitation at ~450 nm and the peak at
~585 nm refers to the emission of N-RH-PE for given excitation which coincides with the emission
of N-NBD-PE. Both peaks of sample incubated with increasing concentration decreased initially
until about 5 µM and after that increased slowly. The sample treated with the surfactant showed
the maximum peak about ~540 nm and small but none-zero intensity at 585 nm. The decreased in
the emission peak of N-RH-PE with increase concentration gave rise an indication of vesicle’s
fusion.
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Figure 4.8 Fluorescence spectra of N-NBD-PE and N-RH-PE obtained from the mixture of SUVs
composed of POPC/POPS/N-NBD-PE/N-RH-PE and POPC/POPS in the presence of
increasing concentrations of MA14-31 and 10 mM Triton X-100.

In order to determine the vesicles fusion quantitatively, resonance energy transfer
efficiency (E) in terms of 𝐼

𝐼585

535 +𝐼585

was plotted for the given concentrations. As the concentration

of peptide increases, E decreases which in turns indicates the increase of vesicles fusion. The E
value decreased until ~5 µM MA14-31 and then slightly increased after that but still smaller than
the control and first few small concentrations as shown in figure 4.9.
After having the insight of vesicles-vesicles fusion caused by the MA14-31.The size of fused
assembly was determined by using DLS. The vesicles (individual) without peptide’s treatment has
an average size of ~ 25 nm whereas the treated one with increased concentration the average size
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of vesicles assembly was up to about a micron. Thus MA14-31 turned out to increase in size of
vesicles (aggregate) by fusing them to each other.

Figure 4.9 Resonance energy transfer efficiency (E) for different concentration of MA14-31. The
decrease in energy transfer upon peptide addition as compared to the controlled one
(~0.63); an indication of vesicle’s fusion.

In order to visualize and confirm the aggregation of vesicles, FM was employed again.
Figure 4.10 shows few samples that were treated with 0 (control), 2, 4 and 6 µM MA14-31. No
vesicle appeared under the field of view for control sample due to the size and limitation in
resolution of the instrument whereas after the treatment, aggregation of vesicles became visible as
shown in figure 4.10(b), (c), and (d).

4.3

Discussions
The matrix protein is one of the domains of gag polyprotein which play an integral role in

membrane targeting and binding to lead the path of formation of new viral particle. The mechanism
of targeting to the inner leaflet of the host membrane in a molecular level, however, is poorly
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understood. In one hand, the membrane/lipid bilayer is composed of several kind of lipids such as
phospholipid, sphingolipids, cholesterol etc. and the proteins. On the other hand, the gag
polyprotein itself has several domains and each of them has specific role to play on a cooperative
basis. Thus due to the complexity in the composition of both interacting parties and their
interactions with the possible chances of interference or creating the screening effect,
understanding the actual mechanism has become challenging.

Figure 4.10 Fluorescence micrographs of aggregated SUVs incubated with (a) 0 µM, (b) 2 µM,
(c) 4 µM and (d) 6 µM. Vesicles aggregation becomes distinct (appear as the white particle
like structure) at higher concentrations.

So, researcher have been working on the interaction of peptide with a simplified system
such as by using the membrane composed of pure phospholipids [164], cholesterol added on
phospholipids [168] etc. for a long time. Moreover, several investigations are become more
simplified for example: testing the individual fragment of gag protein such as MA alone and MA
with myristoyl regime [160] and portion of MA such as HBR’s mutant alone [71] etc. on different
type of model membranes. This study is one of the similar attempts to understand the peptide’s
impact on membrane in more simplified version i.e. by testing a small fragment of MA on model
membranes is conducted in combination of two microscopy techniques. In other word, small
fragment of the matrix protein (MA14-31) without ‘myr’ is considered assuming that it plays an
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independent role in binding to membrane [183] and at the mean time to isolate the possible
cooperative activities or interference that may be caused by other domain of matrix protein. It is
then tested against the simplified system composed of biologically relevance lipids such as POPC,
POPS and Chol. In terms of the charge content, PC and PS are neutral and negative respectively
whereas the cholesterol has been recognized as a neutral and membrane stabilizer. It is noted that,
they all are distributed in the inner membrane of host as well as virion cell. A system of lipid
membrane which contains the charge become more active electrostatistically; particularly PS
fulfills that requirement in our case because PS is not just present in inner leaflet of host cell but
also it is enriched in viral envelope in total [184].
We used fluorescence microscopy on a model membrane system (GUV) to study the
changes caused MA14-31 in a real time. GUVs were prepared and tested in three different
compositional form i.e. POPC/POPS, POPC/POPS/Chol and POPC alone. Interestingly, all
compositions showed the similar kind of effect qualitatively that is the evolution of tiny vesicles
(nano-micro size) around the parent. Quantitatively, however, POPC/POPS had shown to be more
pronounce as compared to the last two. The quantitative comparison in between two modified
composition remain a question because of the limitation of measuring instrument. The
observations of the effects in all three compositions indicate that MA14-31 show its independent
potency for membrane interaction, sensitive to charge contain to interact electrostatically, able to
interact with neutral lipid indicating hydrophobic or non-specific interaction, inhibited in the
presence of cholesterol contain and have a specific pathway of action against the lipids.
After gaining the insight of specific pathway of interaction of MA14-31 over the GUV of
different lipid compositions, a second phase of measurement is carried out by using a
complementary technique ‘AFM’ on SLB. The obtained results which are based on the
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topographical changes in ‘height image’ (i.e. change in height and or depth measurement as well
as overall organization) on similar bilayer composition plus an extra bilayer of POPC/Chol showed
that MA14-31 is effective on planer form of lipids too. The effect of MA14-31 on the SLB can be
generalized with two common features: (a) hole or rupture formation (HO), (b) raised surface (RS)
evolution in a different proportion and an extra feature of (c) flake/bead or bleb like appearance
(HR) on a bilayer containing anionic lipids in addition to the lipid extraction effect in all
composition and higher concentration of MA14-31. The removed lipid content after or during the
hole formation may float in the aqueous medium. In general, this did not come under the scanning
tip to be scanned (this is supported by the AFM data on H0-Endo upon lipid bilayer perturbation
for the same lab; not shown). The small particle like lipid vesicles appeared under GUV-FM could
possibly from the dissembled lipid during/after hole formation. If the hole formation leads to an
immediate breakage due to the loss of internal content in GUV-FM experiment is compared with
AFM experiment, the planer bilayer cannot reveal this type of explicit breakage information
because of the nature of firmed bilayer on a mica support.
In order to test the hypothesis of vesicles fusion or the assemblage of lipids quantitatively,
a spectroscopic measurement FRET was conducted which revels the SUVs fusion and is further
confirmed by DLS and FM.
Using microscopic and spectroscopic techniques to study and compare the real time effect
and structural modulation in nanoscopic regime of model membrane, effects were appeared to be
fairly agreed to each other qualitatively. By relating the effect obtained from each system
explicitly, it is reasonable to hypothesize the two and three kind of changes in lipid membrane due
to the applied MA14-31 as follows on zwitterionic and anionic lipid membrane respectively: (a) the
pore/crack formation on bilayer to the breakage of vesicles and or the appearance of tiny particle-
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like vesicles around on GUV, (b) the small uplift of surface (and or bead/flake form) most likely
by inserting after forming hole/crack on bilayer to the breakage again caused by the loss of internal
content on GUV however may not be observed due to the optical resolution limit of FM, (c) the
bead/flake like formation on anionic lipids may be assemblage of lipid during hole formation to
the vesicles fusion as supported by FRET and (d) the evolution of small nano to micro sized
daughter vesicles as revealed by GUV-FM experiment can be possible to relate with the AFM data
because of the appearance of: (i) the reasonable sized and definite shaped flakes/beads in a discrete
distribution and (ii) elongated shape and indefinite sized (could possibly due to the loss in their
discreteness) when they are dense in number at higher peptide concentration. Possible reasons
could be due to the (1) assemblage of lipids which comes as a result of hole formation and/or (2)
assemblage of knocked out lipids if any during the RS formation in the peptide environment.
The gag-membrane association is crucial to understand HIV virus particle generation.
Based on the quantitative measurement, a model of ‘linear conformation of gag’ interacting with
the planer supported lipid bilayer which highlights the importance of specificity of PI(4,5)P2
molecule beside their charge contain has been purposed [164]. None of our current model system
of bilayers contain PI(4,5)P2, so the initial interaction is not as specific as PI(4,5)P2 binding site,
however, two of them (PC/PS and PC/PS/Chol) contain the negative charge. At the meantime,
MA14-31on POPC alone that does not contain charge shows as similar effect as on POPC/POPS
and POPC/POPS/Chol qualitatively which is revealed by the fluorescence microscopy. This
means, again there is something beyond not only the specificity but also the electrostatic and could
possibly be the hydrophobic. The binding affinity of MA with acyl chain length of lipids
irrespective of their polar head character indicate that the MA’s binding is governed
hydrophobically [35]. If the initial but not sufficient condition of MA to approach the membrane
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is electrostatic in nature, only the part of model of ‘linear conformation’ could be somehow related
with our study to carry out the possible explanation of interaction because as mentioned above
MA14-31 shows its activity against POPC alone too. A transmembrane (~height of one bilayer)
defect caused by amphipathic prion peptide [42], α-synuclein[185] upon the lipid bilayer has been
reported. Interestingly, the matrix protein under consideration (MA14-31) has been able to show the
formation of structure having similar depth (but extended in the form of trail; rupture) even though
the myristate motif which attributes the explicit hydrophobic character is missing. To address all
the scenarios, a possible interaction could have been arisen due to the change in conformation of
MA14-31 upon the contact of prepared model lipid bilayer. While some peptide fold in solution
other exhibit the secondary structure on membrane proximity [186] based on computer analysis of
amphilicity index, where most basic residues reside in same surface of the sheet which likely
promote efficient interaction with acidic phospholipid [70], [187]. As the sequence of MA14-31
contains several amino acids such as; I17, L19 and L30 might have attributed for hydrophobicity
[72], [188]. Furthermore, it has been reported that, the amphipathic β-sheet-like structure at
water/lipid interface has tendency for internalization into endothelial cells [189]. Aside from αhelical structure of protein to form transmembrane pore, β-strand is capable to do so [190]. Upon
the contact with membrane, the cationic residue of phospholipid can interact with phosphate group
of lipid to lead the beta-hairpin structure, thus, its reasonable to think of the shallow penetration
of MA14-31into the lipid assembly due to the hydrophobic interaction leading the initial electrostatic
interaction [176]. Yet actual structure of MA14-31 in a solution as well as in contact to our model
system remain to be determined. Peptide binding to lipid bilayer cause membrane tension to create
the pore of stable and definite size if it can overcome the opposing force called ‘line tension’ by
binding to the rim [191]. Above the critical size of pores, ruptures are identified irreversibly as
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driven by the nucleation and growth rate of pores [192]. Because of this reason, the bilayer surface
might be covered by ruptures of several size and extension.
Small raised structure in planer bilayer as revealed by AFM do not appear to be
independent structure meaning they have some association with the rupture (tunneled hole). Now
the question is what should be the mechanism of formation of this feature and how they become
associated. In order to address this question, it is reasonable to think that; the surplus peptide in
pore or crack formation get insertion in the formed hole to screen the exposed hydrophobic lipid
acyl chain [180] and the excess peptide has the probability of further flow and sink in the hydrated
region of gap of ~2 nm between bilayer and mica support (bottom) and hence translocate laterally
to some distance that may be enough to uplift the bilayer as it is believed that gag molecules
aggregate after their insertion which get enhanced in flat surface [167]. The association of cracked
structure and the slight raised feature can be easily seen. As the cracked structure does not have
any definite shape and same with the raised feature otherwise for definite shape defect such as dip
hole, the annular raised structure around the hole might be expected.
In order to explain the highly raised structure (bead/flake of bilayer width) or a bleb like
structure; there is no explicit evidence of formation of this structure in real time however based of
the other two types of effects, it is reasonable to think in the following way, pore formation and
fission/fusion are related phenomenon as both involve the remodeling of membrane and is just the
matter of either preexisting lipid matrix’s perturbations due to peptide or fuse with another
membrane bound compartment [190]. In GUV based experiment also, after the breakage of parent
vesicle, there forms a planar patch accompanied with several daughter vesicles like bleb with time
(data not shown) could possibly due to the assemble of scattered lipids and are also obtained by
reconstruction of nano-micro sized tubules. Based on the experience of several peptide that
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exhibited the pores on bilayer using same AFM and the imaging set up carried out in our lab, the
lipid extracted from the pore/hole never came under the AFM tip to be scanned (as mentioned
earlier), however, in this experiment the observation of presumably extracted lipids in the form of
flake or bead could possibly be because of their large assemblage as also supported by the FRET
result of vesicle’s fusion. Furthermore, the vesicle’s fusion tendency as reveled by FRET increases
with increasing MA14-31’s concentration until ~5 µM for given fixed number of vesicles, but higher
than that the fusion decrease slowly could possibly due to the self-aggregation of peptide in higher
concentration.
4.3.1 Role of anionic lipids
Anionic lipids are not only found in the inner leaflet of host cell but also in viral envelope.
Our FM and AFM data show the large degree of membrane perturbation caused by MA14-31 in the
form of number of daughter vesicles emission and different features such as HR in addition to HO
and RS evolution along with the enhanced lipid extraction respectively in an anionic lipids as
compared to zwitterionic lipids. The basis of this distinction is coverage of defects in bilayer-AFM
whereas the number of evolution of vesicles in GUV-FM experiment. Interestingly, the features
as obtained in POPC/POPS is consistent with another anionic lipid POPC/POPG (data not shown).
The reason of higher binding is due to long range electrostatic interaction between the positive
charge of MA14-31 and negative charge of anionic lipid. The PS has already shown to be preferential
binding [193] and PS+PC has also proved to be effective in binding towards MA [194] plus our
observation of less affection of MA14-31 over PC lipid (alone) support the established notion of its
week binding to neutral phospholipid. It is noted that, in addition to the enhanced HO and RS
features, the peculiarity of the binding of MA14-31 is the evolution of HR feature due to assemblage
of lipid as revealed by AFM which may be supported by the fact that higher number of daughter
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vesicles evolution revealed by FM and the fusion of nano-sized vesicles by FRET. In addition to
this, higher lipid extraction in anionic lipid also reflects the higher affection of peptide on
negatively charged lipids.
4.3.2 Role of cholesterol content
Cholesterol is one of the lipid ingredients present in host cell. The interaction of protein
with membrane can be affected due to its presence [195]. Our FM and AFM data show that, the
quantitative effect of MA14-31 in features formation is reduced upon the cholesterol incorporation
in both cases i.e. by adding cholesterol on POPC/POPS to create POPC/POPS/Chol and on POPC
to create POPC/Chol. Cholesterol increase the lipid’s head-head spacing [14] that may cause to
decrease surface charge density of charged bilayer might be the reason that decrease in effect.
Because of its stabilizing nature, no further expanding channel laterally during the hole formation
allow the surplus peptide to sink at the bottom to cause the dominating RS feature in POPC/Chol
as compared to POPC as reveled by AFM. Inhibition of the effect of peptide due to the presence
of cholesterol works out consistently whether it is within anionic or zwitterionic lipids.
So, in general, the observed activeness of charged lipid and suppressing cholesterol’s role
towards the binding of MA14-31as revealed by FM and AFM may be due to the predominant
contribution from electrostatic over the hydrophobic or non-specific energy. Furthermore, it is
noted that, indistinguishability in binding of MA14-31 to the two modified compositions as revealed
FM may be due to the limitation of measuring instrument but later confirmed by AFM result.
4.3.3 Model of interaction
Based on the observed effects, it is reasonable to propose a model on the activity of MA1431

on the model membrane as follows: after initial interaction with the bilayer, this peptide is

subjected to insert into it. In the next step, inserted peptides are either utilized and limited
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themselves only in the pore formation (up to a bilayer depth) process to create the hole /damage
the bilayer (HO feature) or spread in the form of trail/tunnel or the rupture (up to a micron sized
length) into the bilayer to give a crack appearance and hence uplift the surrounded lipids (up to a
height of ~one leaflet; RS feature) by translocating into the hydrated gap between bilayer and the
mica support which happen in any kind of composition irrespective to the charge and cholesterol
contain. The appearance of HR feature only on anionic lipid can be thought as: due to the
assemblage of the lipids removed from the holes and/or raised structure come to float in the
medium to form a flake and reappear at the top of original (RP) or modified (RS) surface. The
accumulation of the peptide in a particular site to create the highly curved region in the form of
flake/beads can be thought, however, it is unlikely because the matching of height with lipid
bilayer and resemblance with it cannot be just a coincidence. A brief sketch of this model is
presented in figure 4.11 (note: one possible explanation of a feature at a time). Qualitatively, the
mode of action of a given peptide including MA14-31 at any concentration is expected to be similar
in nature. Indeed, it is only the matter of-which feature gets prominent at what concentration.
4.3.4 Significance of study
In a real physiological system, the gag-MA which distributes in the cytosol of host cell
during the infection comes towards the membrane to interact and bind it. MA assembles or
incorporates the env protein, viral RNA to facilitate the process for budding and hence leads a
pathway to release a new virion. In our model system, the MA interacts the membrane from outside
(in case of GUV-FM) or from the top (in case of SLB-AFM) and has been shown three kind of
effect in general i.e. the hole/rupture formation or breakage, evolution of a raised structure and the
appearance of extra bead like vesicles (in GUV) and flake/bleb or highly raised structure (in SLB)
that may be related with the actual scenario. Those effects signify not only the interacting
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properties of MA14-31 with lipid species but also unique ability of this peptide towards the
membrane modulation. In addition to this, matrix domain (MA) work not just alone but be a
complementary role with the cytoplasmic tail of env protein [183], [36] to achieve this newborn
viral budding success. With this clue, it is reasonable to think that, the MA may assist the env
protein to fuse the mature virus to invade into the host cell too because MA14-31 has been already
shown its ability not only to form the crack and surface modification on the model membrane but
also to fuse the vesicles to each other. We believe that this could also be a motivation of future
studies related to the pathway of viral invasion process.

4.4

Conclusions
Viral particle reproduction takes place as a budding in the plasma membrane of infected

cell. Several domains of structural polyprotein gag plays their own role cooperatively in this
process. So for the therapeutic approach to develop, it is important to understand the biophysical
phenomenon in protein-membrane interaction to take place. However, due to the complexity of
system, simplified version of both interacting members may be required to understand the
molecular events. The matrix protein (N-terminal domain of gag), particularly ~17-31 amino acid
sequence also known as HBR with post modified myristoylation regime upon the lipids membrane
has been gaining the interest of retroviral research because of their binding ability. Our study
covers the structural modulation and binding of extended highly basic region of MA (i.e. 14-31
segment) without myristoylated modification upon the simplified model membrane with minimal
synthetic lipid ingredients to investigate the broad spectrum of the effect of MA14-31 on lipids. The
reason of choices were: this particular sequence of peptide was believe to be active in binding the
membrane and the minimal inclusion of lipid species in a model system was to individualize their
response to obtain more insight on peptide-lipid interaction.
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Figure 4.11 Membrane interacting model of MA14-31 with lipid bilayer (a) slight raised (~1 nm)
surface due to intercalate of unused peptide after forming the hole as observed in
zwitterionic as well as anionic lipid (w/o cholesterol) and (b) highly raised surface (~5 nm)
due to the assembly of lipids possibly obtained from holes as observed only in anionic lipid
(w/o Chol).

In this work, two form of microscopies and one spectroscopy as well as several form of
model membranes composed of lipids of biological relevance were used to compare and confirm
the results. Real time effect of peptide (1 µM MA14-31) on GUV made of phospholipid and
cholesterols as observed by fluorescence microscopy and revealed the evolution of tiny particle
like nano-micro sized vesicles around the parent GUV. This effect were observed to be similar in
111

nature in different lipid compositions such as POPC/POPS, POPC/POPS/Chol and POPC alone
qualitatively, however, explicit in first as compared to the last two. Furthermore, observed less
pronounced effect of the peptide on neutral lipid as compared to negatively charged lipid system
and effect suppressing cholesterol might be the indication of significant hydrophobic although
small or other unknown form of interaction and active stabilizing activity respectively. Based on
the observation of topography and the height quantification on the obtained height images of SLB
composed of phospholipids due to AFM too; three kinds of structural modulation were observed:
transmembrane hole to develop into the rupture, raised structure of about a nanometer height and
the appearance of highly raised structure resembling a lipid bilayer flake or bleb provided that this
flake structure was evolved only in anionic lipids might be related with the assemble of extracted
lipids from holes and was believed to be supported by fusion of lipid vesicles as shown by FRET
and complemented by DLS and FM. The suppressing role of cholesterol agrees in any cases of
both kind of microscopy’s measurement. The indistinguishability of the effect of cholesterol with
neutral (alone) lipid as reveled by FM was confirmed later by AFM measurement. The majority of
results from both microscopies agreed to each other and were related with the binding ability of
peptide with membrane. Thus, three and two kind of changes caused by MA14-31 on the model
membrane were hypothesized in a broad sense as the spectral activities for anionic and zwitterionic
lipid respectively.
For HIV-1 gag, the general notion of its requirement of binding lipid specificity (i.e.
PI(4,5)P2 which leads to the release of myristate end to enhance the efficiency [194]) is well
established. Furthermore, the necessity of myristate end on peptide in addition to the specificity of
lipid for effective binding [167] based on the simplified biomimetic minimalist model membrane
like ours has been revealed recently. In this investigation, however, for efficient binding of even
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the small segment of MA which is a domain of gag, it has been shown that the membrane binding
is governed by other forces which may have specificity by devoid of the myristate requirement. In
other word, this study reveals the ability of MA14-31 without myristoylation motif but to show the
charge dependence of used phospholipid which might be governed by other interacting force such
as electrostatic or hydrophobic or non-specific in nature or in combination of some or all. However,
insufficiency of peptide’s length or limitation of measuring instrument could be the reason for
uncovering the lipid’s head dependency or myristoylation requirement, which may remain to be
determined. Based on our hypothesized results, we have been able to propose the biochemical
model of interaction of this segment of matrix protein with the phospholipids bilayer. The role of
HIV-1 MA14-31 in membrane association to create different kind of effects as carried on this study
will help reader to understand the scope of its mechanisms which also applies to other form of
retrovirus. Finally, these interesting results of membrane binding and modulation of MA14-31 may
motivate the researchers to quantify the associations to use them in future antiviral research.
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5

MODULATIONS OF MATERIAL PROPERTIES AND LOCAL CURVATURE
INDUCTION OF THE MEMBRANE BY HELIX 0 OF ENDOPHILIN (H0-ENDO)

This chapter deals with the broad spectral activity of H0-Endo on model membrane. It
includes the EPR measurement and spectroscopy to reveal the modification of material property
of membrane. It also includes the measurement with FM and AFM on model membrane to obtain
the curvature generation on GUV and the morphological modification on SLB respectively. Part
of this chapter is already published in BBA Biomembranes 2020 entitled ‘The helix 0 of endophilin
modifies membrane material properties and induces local curvature.’ The objective of study is to
explore the spectrum of biophysical model of interaction between the H0-Endo and model
membrane and hence obtain information regarding the change in material properties of lipid
membrane, morphological change and curvature generation to elucidate the mechanism of action.

5.1

Introduction
It has been well established that, protein plays a critical role in membrane remodeling

which includes sensing, stabilizing and inducing the curvature that are essential for regulating
different

cellular

functions

such

as

endocytosis

and

exocytosis

etc

[80].

BAR

(Bin/Amphiphysin/Rvs) domain containing proteins such as amphiphysin and endophilin have
been gaining people’s attention for their function to promote membrane curvature after the
discovery. Particularly, the endophilin which is enriched in nerve terminal plays a multiple role of
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sensing, inducing curvature [75], [78], recruiting cofactors such as dynamin [196] to achieve the
synaptic endocytosis process [197].
Endophilin is comprised of two main regions: N-BAR (N-Endophilin) domain and the C
terminal Src homology 3 (SH3) domain. Specifically, the N-Endophilin is conserved domain of
endophilin. It further consists of 3 distinct functional regions: first ~24 residue known as helix 0
(H0-Endo onward) known for binding, appendage or insert region known to membrane insert to
deform and the main body (BAR domain) to influence for intrinsic curvature of the membrane by
using the scaffold mechanism which is also crucial for tubulation [198] as shown in figure 1.14.
Notably, the structural motif H0 has been gaining people’s attention for not only it is common in
many proteins which possesses the amphipathic character but also mediated and or predicted to
work independently to remodel the membrane. Interestingly, amphipathic alpha helical (AaH)
structure that is even derived from other non-BAR origins (proteins) has also been studied and
proven to be worked independently in membrane modulation extensively, for instance: AaH
structure of synuclein and apolipoproteins inducing membrane curvature and tubulation in the
vesicles composed of negatively charged phospholipids [83]. Shai Y. (1999) in their review
highlights the binding, insertion and destabilization of activity of AaH antimicrobial peptide [199]
and AaH of huntingtin protein has been shown to sense the membrane curvature composed of
biologically relevant lipids [200]. Furthermore, a small segment of ~first 18 amino acid forming
amphiphilic α-helical structure of Epsin-1, a representative protein implicated in clathrin-mediated
endocytosis has been well studied and shown to form the positive curvature generation of
membrane [201], [80]. Assuming the common functional peculiarities of amphipathic helical
peptide, in this project, we examine the similar ability of α-helix of BAR origin particularly
focusing on the curvature generation in the form of vesiculation (or the structure formation), the
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morphological change and the modulation of material property. In other word, H0-Endo; a segment
of first 24 residue N-Endophilin become a central interest in this work to explore its membrane
modulating ability.
Compare to H0 of endophilin alone, many studies are conducted on N-BAR system as a
whole. So it is reasonable to review and acknowledge the literary work that are related with BAR
family protein too. Suresh et al.(2010) used AFM to examine N-BAR domain, give rise the spectral
activity on synthetic supported bilayer such as aggregates on various size, perturb to cause bilayer
thinning and forming a feature called ‘thin sliver’ [202]. Fernandes et al. (2008) have characterized
the H0-NBAR obtained from BRAP (breast-cancer-associated protein/Bin2) as a ‘favoring’
portion of N-BAR to promote the affinity of curvature generation, oligomerization and so on for
that peptide [79]. However, Chen et al. (2016) found that H0-NBAR insertion for wedging does
not contribute directly for intrinsic curvature generation [203]. Thus, the actual role of α-helix of
endophilin in membrane remodeling remains a subject of debate. Endophilin can induce the
different kind of membrane shapes such as vesicles and tubules by a conformational switch as
regulated by phosphorylation [77]. Agreed theoretically with this study, by using coarse grained
elastic model recently, a shallow insertion of H0 has been found to create the unfavorable state to
give rise the isotropic shape whereas dip insertion as favorable state to give rise the anisotropic
shape formation due to the repulsive or random and the tip-to-tail antiparallel cum dimerized
orientation respectively [204]. In both study, the H0’s immersion (depth) into the lipids has been
heighted as the crucial step for structure generation.
The crystal structure of endophilin dimer revels the crescent BAR domain along with N
terminal helix and central insert region; bearing the positive charge on the concave surface became
the basis of non-specific interaction with the lipids of anionic charge [205]. Furthermore, its
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crescent shaped structural architecture become the basis of curvature generation. Specifically, The
curvature generation was thought due to the interaction of N-terminal resembling the molecular
wedge to create the strain at outer leaflet to promote the membrane curvature [206], this is
preliminary step and known as initial binding and deformation mediated by insertion of helical
wedge [207]. Upon binding what happens is, the N-terminal become folded α-helix and lies
parallel to the membrane with center approximately at the level of head group phosphate, well
position as a molecular wedge [207]. Now talking about the BAR domain: the spontaneous
curvature of banana shape architecture and rigidness cause to bend the membrane [208], while
tubulation needs high protein density at which oligmeric BAR domain scaffolds form [207]. More
precisely, low N-BAR (endophilin) concentration-leads curvature sensor, however the high
concentration generates curvature [209]. Aside from structural modulation of alpha helix or H0Endo and BAR domain, let us consider the possible perturbation on material properties of
interacting lipids when this peptide interacts with lipids during the endocytosis process. Jao, C. C.,
et al. (2010) have shown the immobilization and decrease the accessibility of BAR domain of
endophilin [206]. Similar result caused by N-BAR domain of amphiphysin (another BAR domain
family enriched in nerve terminal of similar architecture as of endophilin and have similar
functionalities of generating curvature) also been reported [207]. Since this N-BAR of
amphiphysin consists of N-terminal alpha helix plus the BAR domain, it is reasonable to think of
possibility of H0-Endo on lipid membrane to change their material property.
In the past, examination of the interaction of endophilin were carried out by using electron
microscope [201], transmission microscope [75] which essentially require the dry sample and
vacuuming as well as the circular dichroism (CD) [78] etc. but very few studies were conducted
by using, electron paramagnetic resonance (EPR) spectroscopy [206]. The main point what
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motivated us to carry out this project were: (a) the functional ability of this H0-Endo remain
controversial as we have mentioned already, (b) studies were mostly focus on structural and
mechanical property modulation but very few on detailed on the material property such as fluidity,
polarity and acyl chain order which can be accessed by EPR and (c) there exist only few study on
the impact on supported lipid bilayer composed of minimal synthetic lipids [202] and the test of
H0-Endo’s independent ability on the curvature generation in real time etc.
Therefore in this project, the EPR spectroscopy has be utilized to explore and analyze the
changes caused by H0-Endo upon membrane binding on the model membranes that mimic the
physiological cell. Liposome, made of different lipids in different compositional form have shown
the decrease in lipid chain mobility and the increase polarity upon peptide binding. Whereas the
anionic lipids had highest change, the effect of cholesterol inclusion showed an in-between impact
as compared to anionic and zwitterionic lipids. The spectroscopic measurement on bicelles of
zwitterionic lipids also show the decrease in orientational order parameter of lipid chain upon H0Endo addition. This indicates that, H0-Endo upon membranes binding causes the change on their
material property. The AFM measurement on supported bilayer of similar compositions showed
the transmembrane hole formation irrespective to the content of charge and cholesterol. The
fluorescence microscopy, result on GUV reveled the massive vesiculation on anionic lipid. So far
it is known, this study reveals the real time vesiculation experience in a nearly physiological
condition. Thus, this spectrum of effect of H0-Endo on model membrane will help us to explore
it’s functional ability in depth.
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5.2

Results

5.2.1 H0-Endo changes the membrane material properties
5.2.1.1 H0-Endo alters the lipid chain mobility
The lipid bilayer, forming a two dimensional crystal, has its intrinsic chain mobility in the
space. Here, we examined the change in lipid chain mobility caused by external peptide H0-Endo.
To achieve this, a spin label 5-SASL (a steric acid with a nitroxide spin probe attached to position
5 of C-18 acyl chain) was added to the bilayer and CW EPR spectra were recorded, which reflects
the mobility of lipids because the spectra are sensitive to the motion of spin label and so is to the
lipid’s arrangement.

Figure 5.1 EPR spectra of liposomes labeled with 5-SASL for (A) POPC, (B) POPC +30% Chol,
and (C) POPC/POPG 4:1. The spectra were recorded at 295 K at P/L=1/20. EPR spectra
of bare liposomes (black) are overlaid with the spectra in the presence of H0-Endo (red).
The motional parameter 2A// is indicated by the peak-to-peak splitting as displayed in panel
A. Insets show the enlarged pictures of low-field and high-field peak regions in the spectra.
Image adopted from [210].

Quantitatively, the change in mobility near the spin label is reflected in the change in
motional parameter (Δ2A//) which is defined as the separation of two far spectral peaks where the
z axis of the spin label is parallel aligned to the external magnetic field. Our aim was to determine
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the change in 2A// before and after the H0-Endo binding. Specifically, the increase in 2A// indicates
the decrease in mobility or reduced mobility.

Figure 5.2 Lipid mobility changes (i.e., Δ2A//) of POPC (light grey), POPC +30% Chol (grey), and
POPC/POPG 4:1 (dark grey) liposomes in the presence of H0-Endo at different P/L ratios. A
larger Δ2A// value is correlated with a lower mobility of lipid acyl chains. Image adopted from
[210].

Liposomes of three lipid compositions i.e. POPC, POPC +30 mol% Chol and POPC/POPG
4:1 (wt/wt) were investigated for three P/L ratios in an increasing order i.e. 1/100, 1/50 and 1/20.
The addition of H0-Endo caused to change the 2A// reveled by the spectra as shown in figure 5.1.
Now, the histogram of the change in motional parameter (Δ2A//) as a function of P/L ratio for all
sample cases was plotted as shown in figure 5.2. This shows that, the POPC/POPG 4:1 sample
shows the greatest change (increase) i.e. 1.9 ± 0.2 G as compared to POPC (0.7 ± 0.1 G) and POPC
+30% Chol (0.9 ± 0.1 G) at P/L ratio of 1/20 for example. This shows that, the binding of H0-
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Endo to POPC/POPG 4:1 decrease the lipid membrane mobility significantly at high
concentrations of H0-Endo.

Figure 5.3 EPR power saturation curves of the 5-SASL spin label in POPC/POPG 4:1 (A), POPC
(B), and POPC +30 mol% Chol (C) liposomes in the absence and presence of H0-Endo
(D, E, and F, respectively) with either an excess of oxygen (red traces) or 50 mM NiEDDA
(blue traces). Image adopted from [210].
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5.2.1.2 H0-Endo changes the bilayer polarity
The nonpolar environment of lipid acyl chain can be perturbed by the addition of protein
[180]. By using the power saturation method in EPR, the polarity of bilayer can be assessed. Figure
5.3 shows the power saturation determined for all three compositional liposome before and after
H0-Endo treatment. The polarity parameter (Φ; a dimension less quantity) obtained from the curve
gives the polarity of hydrocarbon core where the spin probe is located. Specifically, the smaller
the Φ, the larger will be the polarity of hydrocarbon core. This also signify the depth with respect
to the bilayer surface, often referred as depth parameter.

Figure 5.4 Bilayer polarity parameter ϕ for POPC (A), POPC + 30% Chol (B), and POPC/POPG
4:1 (C) without and with H0-Endo at P/L = 1/20. (D) H0-Endo induced changes in ϕ. A
smaller ϕ value reflects a larger polarity, i.e., the bilayer interior where the spin probe is
located becomes more polar. Image adopted from [210].
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Figure 5.4 shows the polarity of the liposomes in the absence and presence of H0-Endo
(P/L = 1/20 for example) for all above mentioned compositions as well as the corresponding
polarity change expressed in percentage. The percentage change (decrease) in Φ upon H0-Endo
addition were 7, 9 and 35% for the liposomes of POPC, POPC + 30% Chol and POPC/POPG 4:1
respectively. This shows that, upon H0-Endo binding, lipid chain polarity of anionic lipids
increases (more polar). Note that; the observation of high polarity value of liposome in case of
liposome containing Chol as compared to other may be due its insertion to cause the bilayer
thicken.

Figure 5.5 Lipid chain orientational order. (A) Experimental (solid lines) and simulated (dashed lines)
EPR spectra of DMPC/DHPC bicelles containing different contents of H0-Endo. (B) Orientational
order parameter S20 as a function of the P/L ratio. S20 values were determined by simulating and
fitting experimental EPR spectra. Two solid lines are used to show two regimes corresponding to
a gradual and a drastic decrease in S20 as the P/L ratio increases. Image adopted from [210].
5.2.1.3 H0-Endo decreases the chain orientational order parameter
Lipid orientational order was measured by using the DMPC/DHPC bicelles as they can be
magnetically aligned. As the spectra obtained from spin probe 5-SASL are sensitive to orientation
order of surrounding lipids in bicelles, we utilize this condition to obtain the orientational order
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information. Figure 5.5A shows the EPR spectra of bicelles with various P/L ratios i.e. 0 (control),
1/2000, …, 1/50. The orientational order parameter (S20) was plotted as a function of P/L ratio as
shown in figure 5.5B. The S20 for control bicelles was found to be 0.48, which agrees closely with
the reported value in literature [42]. With the increase in H0-Endo concentration in sample, S20
turns out to be decreased. The decrease was taken place in two trends. A slight linear decrease was
observed until the ratio 1/75 (S20 = 0.33), however there was a sharp drop afterwards. This shows
that, the addition of H0-Endo in the lipid membrane impact the lipid chain order moderately for
small amounts of peptides but significantly at higher concentrations.

Figure 5.6 AFM height image of a POPC/POPG 4:1 bilayer before (A) and after (B) exposure to
0.5 μM H0-Endo. Scale bars are 2 μm. Height scale is indicated by the colour bar at the
bottom. (C) Height profiles along the blue dash-dotted lines in A and B. Image adopted
from [210].

124

5.2.2 H0-Endo causes the topographical change of planar lipid bilayers
In order to determine the possible visible changes in topographic structure, AFM
measurement was performed on the supported planer lipid bilayer. We considered the composition
POPC/POPG 4:1 to inspect before and after exposure of H0-Endo. Figure 5.6A shows the control
bilayer which exhibit a defect free smooth surface. However, after introducing 0.5 µM H0-Endo,
surface was modified with holes formation (figure 5.6B). Quantitatively, the depth of holes were
~4 nm as measured by height scale (figure 5.6C). This shows that, the H0-Endo caused the
transmembrane hole as it had similar dimension as the thickness of POPC/POPG bilayer [52]. In
addition to this composition, bilayer of POPC and POPC + 30 mol% Chol were also examined.
Those both bilayers again exhibited the transmembrane hole formation after the exposure of same
amount of H0-Endo (figure 5.7 and 5.8). This shows that H0-Endo (0.5 µM) caused the hole
formation in all compositional SLB.
5.2.3 H0-Endo induces vesiculation on GUV
In order to determine the remodeling or the curvature generation of the vesicles due to H0Endo on freely standing model membrane; the GUVs were exposed to this peptide. We employed
fluorescence microscope to observe the change in anionic GUV of POPC/POPG 4:1 composition
before (figure 5.9) and upon addition of 1 µM H0-Endo. Immediate after the exposure of H0-Endo,
the GUVs were turned out to generate the number of small vesicles in the form of cloudy stuff
around it which go away with time keeping the mother GUVs intact or breakage as shown in figure
5.10. This shows that, the H0-Endo causes the vesiculation in anionic lipids.
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Figure 5.7 AFM height image of a POPC bilayer before (A) and after (B) exposure to 0.5 µM H0Endo. Scale bars are 2 µm. Height scale is indicated by the color bar at the bottom. (C)
Height profiles along the blue dash-dotted lines in A and B. Image adopted from [210].

5.3

Discussions
The shape of a cell or the part of it in a biological creature is related with their functioning

[211] for example small vesicles extrusion at the cell membrane works for intercompartment
transportation [19]. It is well established that the induction or the generation of positive curvature
in the membrane can be achieved by membrane associated peptide for specialized function [212].
Some proteins such as BAR plays a crucial role in generating the curvature to lead the membrane
bending through different mechanisms i.e. by imposing or attaching their intrinsic curvature
through scaffold mechanism and the local spontaneous curvature generation by perturbing only
the lipid head region and bilayer coupling by penetrating one monolayer to create the area
asymmetry through amphiphilic domain insertion or embedding [213]. Theoretical prediction
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attributes the sole insertion of amphipathic helix of N-BAR domain to produce the membrane
tubules in vivo [214]. However, the mechanism or role of individual segment H0 alone versus H0
to assist BAR domain versus BAR dimer itself to create the membrane curvature is still
controversial or poorly understood. As this study covers the role of H0 in membrane modulation,
so it tries to address the mechanism of targeting of H0 to the cell membrane in a molecular level.

Figure 5.8 AFM height image of a POPC + 30 mol% Chol bilayer before (A) and after (B)
exposure to 0.5 µM H0-Endo. Scale bars are 2 µm. Height scale is indicated by the color
bar at the bottom. (C) Height profiles along the blue dash-dotted lines in A and B. Image
adopted from [210].

The reason for poorly understood interaction of this peptide to the target may be due to the
complexity of the real membrane because its leaflets are composed of several kind of lipids such
as phospholipid, sphingolipids, cholesterol etc. or size and the structure of the proteins because
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they are formed due to the several kind of amino acids forming different domain bearing different
properties. At the meantime, including every single component of protein and the working in a
real life scenario cause challenging to understand the mechanism of action due to the complication
of the problem and possible interference or the screening effect. Therefore, people have been
working in a simplified scenario of interaction such as: by taking first 125 amino acid conserved
NH2 region of endophilin [75] which obviously include the H0 segment, by using an amphipathic
rod like inclusion which simulate α-helix [214], and by using the model membrane having simple
lipids [202] etc. In this project too; simplified model membranes composed of biologically relevant
lipids were used to study the mode of action of small segment ‘H0’ of N terminal of Endophilin
protein (first 24 amino acid sequence). This allowed us to examine: the role of charge on its action
with lipids, the contribution from the hydrophobic interaction, the individualization and the
comparison of response from the lipid head based on their charge specifically (i.e. PS/PG Vs Chol
Vs. PC) and must importantly to examine the hypothesis that H0 can work independently or not in
generating the intrinsic curvature creating the daughter vesicles (vesiculation), in creating the
morphological change in lipid bilayer and in modifying the material property of lipids and hence
give rise its broad spectral effect. All in all, this will help us to understand the biophysical mode
of interaction between H0-Endo with the given lipid systems.
5.3.1 Changes in membrane material properties
EPR has become a popular technique to explore the dynamic properties of the membrane
such as motional dynamics, accessibility of spin label to paramagnetic broadening agents and
distance between two introduced spin labels [119]. Supplying the paramagnetic source as the
nitroxide ion in a different spin label or spin probe has benefit among other by keeping the sample
intact. Here, by taking this advantage, the exploration of modulation of H0-Endo on model
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membrane systems was accomplished. It has been known that, the interaction step of BAR domain
family protein involves the preferential binding in a bilayer to result in midpoint of helix aligned
with the phosphate level lipid head group, thereafter, the curvature enhancement is accompanied
by hydrophobic insertion of α-helix at N-termini [214] or while the BAR domain scaffold the
membrane; the week non-specific and antiparallel interaction between α-helices stabilize the
lattice [215]. Thus N-terminal helix (H0-Endo) likely causes the change in material property upon
addition to the membrane.

Figure 5.9 Fluorescence micrograph of a control GUV composed of POPC:POPG 4:1 (mol/mol).
Scale bar is 30 µm. Image adopted from [210].

The examination of reduced mobility and accessibility of Endophilin BAR domain has
been reported earlier [206]. The reduced in mobility due to H0-Endo is dramatic in anionic lipids
at high P/L ratio as compared to zwitterionic. The effect of cholesterol on lipid composition has
in-between effect as compared to anionic and zwitterionic lipids. The reason behind the higher
affinity towards the acidic lipids could be the increase in helicity upon the membrane contact and
preferential binding of helix due to the positive charge on it [74]. This reduced mobility has likely
been achieved due to the restriction of head group in lateral direction.
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Figure 5.10 Time-lapse fluorescence micrographs of POPC/POPG 4:1 GUVs exposed to 1 μM
H0-Endo. The last panel shows an enlarged view of the boxed area at 31.8 s. H0-Endo
caused GUV vesiculation, yielding miniscule vesicles surrounding mother GUVs. Scale
bars are 30 μm. Image adopted from [210].

The binding of H0-Endo leads to the change in polar environment of bilayer system as
indicated by the decrease in depth parameter (Φ). This in-turn the increase in polar environment
and the accessibility of spin label. As α-helix insertion leads the unequal expansion of bilayer to
cause the structural development [206] due to the pressure imposed on the membrane to cause the
thinning of bilayer [202] and hence increase in the polarity.
We also obtained the lipid acyl chain orientation order (S20) parameter associated with the
membrane on neutral bicelle to provide the complete insight of material property. A decrease in
S20 upon increasing in peptide concentration was observed which signify the less confirmed
orientation of acyl chain. The decrease was in two linear trends; initially the S20 decreased slightly
with increase of P/L ratio but after P/L ≥ 1/75 the decrease was sudden. This two trends may be
related with the concentration dependent orientation of α-helix; as it is parallel to bilayer at low
concentration but become perpendicular after the critical concentration [216]. The decrease in
order parameter is related with the flexibility or fluidize condition. It is to be noted that the system
of model bilayer that has been used to measure the orientation order is not the isotropic liposome.

130

Figure 5.11 A schematic interfacial-bound model of H0-Endo. The spin label 5-SASL contains a
nitroxide probe (red circles) attached to the 5th position of the C-18 chain. The
hydrophobic face of H0-Endo (cyan helix) is located below the glycerol-carbonyl backbone
of the lipid bilayer, resulting in restricted mobility of the upper segment of lipid acyl chains.
Interfacial binding of H0-Endo expands lipid chain packing laterally. Lateral expansion
thins the bilayer and enhances the relative accessibility of polar to nonpolar agents (to the
hydrocarbon core). Therefore, the bilayer polarity and the depth of the spin probe are
reduced upon H0-Endo binding. Lateral expansion also increases the motional freedom
and decreases the orientational order of the lower segment of lipid acyl chains. Image
adopted from [210].

Now to address the effect of H0-Endo to alter the material property, an interfacial-bound
model has been proposed [210]. Since, the part of this project was already published, this model
of action has been discussed already in detail in the article. Briefly, the lipid bilayer has been
divided in the main three section namely region of polar head group, upper segment where spin
probes (5th position of C-18 chain of 5-SASL) resides and lower segment where the acyl chain of
lipids are accommodates as shown in figure 5.11. Upon H0-Endo binding; the hydrophobic face
of helix prefers to face (where F10 residue’s depth is referred) below glycerol-carbonyl backbone,
while polar face resides near polar head group. This inclusion of H0-Endo tends to hinder the
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surrounding and hence upper chain is restricted which address why the mobility is reduced. This
binding leads to the lateral expansion of lipids causing to thin the bilayer and hence leading to
increase the polar environment. The lower segment on the other hand bend under the influence of
hydrophobic of H0-Endo leading to increase the motional freedom and hence packing density
which causes to decrease the orientational order which address why the lipid orientational order
decreases upon H0-Endo binding.
5.3.2 Membrane morphological changes
Synthetic lipid of various compositions have been used [180] to prepare the model
membrane and hence test the peptide in practice to evaluate the interacting mechanism. Of various
kind of model membranes, supported bilayer is widely used model bio-membrane [147], [217] to
study the molecular interaction [218], [219]. The application of AFM in determining the
topographical at nanoscale [220] as well as mechanical properties in aqueous medium on real or
synthetic membrane [221] is well established and has been gaining popularity after its invention.
In this project, as before, we used AFM under fluid on planar supported lipid bilayer of various
compositions as close as to mimic the biological environment [222] of presynaptic terminal to
characterize the effect of H0-Endo molecule. GUV interacting with external molecule [223] has
also been used because it provides a platform to mimic the real cellular environment with
comparable dimension and more or less free from substrate influence. Fluorescence microscopy
provides an excellent imaging feature to obtain the real time effect of GUV in solution. In this
project we used fluorescence microscopy on GUV to obtain possible features [39] generated as a
result of membrane modulation by H0-Endo.
In the experiment of AFM on SLB, we observed that the H0-Endo caused the
morphological change in model membrane. Specifically, it caused the transmembrane hole
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formation in all compositions irrespective to the charge and lipid content. A pore forming peptide
of similar structure (α-helix while binding to lipid membrane) and of similar size bearing
amphiphilic character has been shown to generate the buds on the vesicles as a structural feature
[19]. This means, the pore forming α-helix can form the curve structure like bud and so on or vice
versa. Furthermore, those kind of peptide has ability to form the multimer for exceeding threshold
strength to cause the pore [224]. So it is not surprising that our use of 0.5 µM strength of H0-Endo
already fell on the limit of peptide concentration that is capable of extracting lipid patch [180].
Therefore, it was reasonable to observe the hole on bilayer for the same peptide which is capable
of generating curvature.
As far the curvature generation ability of H0 α-helix became a matter of concern, a planar
form of model membrane of testing may not be useful due to not enough binding as compared to
the vesicular form [74]. As a key player of generating curvature, the ability of H0 on this
prospective, however, cannot be ignored easily. This means, to deal with the curvature generation
of H0 α-helix either a suitable form of lipid’s membrane is required or the protocol of sample
preparation (as it requires larger incubation time) need to be updated or the advanced form of
measuring instrument is employed or it may require a further extensive study. The hole formation
due to this peptide may appear to be slightly different as compared to a similar study on endophilin
N-BAR domain/bilayer with AFM [202]. The possible reason may be: their control samples itself
were accompanied with the reasonable size of holes, so the newly formed hole if any due to that
protein might have been invisible and the contain and architecture are different though that include
alpha helix part. The other possible reason for hole formation could be of substrate influence to
restrict for bulging [225] along with the line tension created by helix insertion.
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Figure 5.12 Mechanisms of membrane morphological changes induced by H0-Endo. (A) Hole
formation in a planar bilayer (grey) supported by a mica substrate (black). Amphipathic
H0-Endo (cyan) preferentially binds to discrete regions on a membrane surface. Initial
peptide binding modifies lipid packing locally, causing more peptides clustering at the
same patch. Bilayer bulging is inhibited because of the adhesion force exerted by the mica
substrate. When the local concentration of H0-Endo (and the surface tension at the edge
of the patch) exceeds a threshold, the bilayer patch is destabilized and extracted,
generating a peptide-lipid complex (in the form of vesicle or micelle). (B) Miniscule vesicle
formation in a free-standing GUV. Wedge-type insertion of H0-Endo induces local
curvature (e.g., budding) by causing an asymmetrical area expansion across the two
leaflets. Buds can pinch off to form miniscule vesicles when the neck curvature reaches a
threshold. Image adopted from [210].

Our observations show that H0-Endo alone turn out to be capable of not only altering the
bilayer morphology but also generating membrane curvature independently on vesicles which is
not complying the finding of Fernandes et al. (2008) [79], Rostovtseva et al. (2009) [226] and
Chen et al (2016) [203] however in consistency with the prediction of Boucrot et al. (2012) [227].
Specifically, our fluorescence microscope data on anionic GUV showed the vesiculation of GUV
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upon the solo incubation of H0-Endo. It has been shown that the curvature generation (structure
formation) as the tabulation or the vesiculation may fallow the different mechanisms however they
may be linked with each other due to their conformational switch which is governed by H0 helix
[77]. Furthermore it has been shown that the N-terminal helix with BAR (N-BAR) domain acts on
liposome to create the 3-D features on the concentration basis i.e. at intermediate concentration, it
forms tubules and at higher concentration the liposome get vesiculated [74]. In our observation,
the appearance of vesiculation only at the very beginning of peptide addition might be arising due
to the very high local concentration (< the stock concentration 50 µM) of peptide around the
vesicles to facilitate the vesiculation. This happens due to our experimental procedure/protocol.
Thus, it may be reasonable to think that, because of high concentration requirement to create
vesicles (vesiculation), the random orientation of peptide i.e. wedging due to shallow insertion of
helix on vesicles [77] to accommodate the maximum number of peptide to attach.
The morphological change that was observed in planer bilayer can be comparable with the
structural formation in GUV provided that the lipid patch extraction on bilayer will become turn
out into the small vesicles or bicelles and float into the aqueous medium though not observed
explicitly is analogous to the vesiculation as seen in GUV. The mode of action of mechanism could
be different because the hole formation may be induced with the peptide clustering to impose the
membrane tension and overcome the line tension resulting the formation of hole whereas the
vesiculation is governed by a well-established mechanism of wedge type shallow insertion of helix
on the vesicles to cause the asymmetry area expansion across the leaflet resulting the pinching off
above the threshold concentration. Both of the mode of actions are summarized in figure 5.12. To
address the hole formation irrespective to the lipid composition in case of SLB could possibly be
due to the protocol of longer incubation time enough to miss to record the existence of those
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structure if any, the minimal size and transient nature of the structure which may not be feasible
for tip scanning and the limitation in obtaining a real time image due to the available AFM may
be the few possible reasons why they appear similar to each other.
5.3.3 Effects of lipid species
During the perturbation of H0-Endo with lipid membrane, the positive residue of
amphipathic helix interacts with the charge content of lipid head group [77]; following the
hydrophobic interaction between its hydrophobic side and the acyl chain of lipids. Because of the
additional electrostatic interaction as compared to the hydrophobic in case of charged lipids, the
mobility restriction increase as compared to the zwitterionic. Furthermore, this leads the bilayer
thinning simultaneously and increase the polarity of interior.
In general, the space filled in the lipids arrangement with the addition of cholesterol is in
such a way that it rigidify the membrane by increasing the lipid order in acyl chain region. Due to
this, the helix constraints in a membrane itself without going further dip as compared to the anionic
lipids resulting less mobility restriction and polarity as compared to the anionic lipids. This
supports our observations.
5.3.4 Physiological relevance
The endophilin plays a critical role in clathrin-mediated endocytosis in nerve cell with the
coordination of its regions such as C terminal SH3 region to interact with membrane protein; N
terminal bind to bend and H0-helix to sense and or bend the target membrane. In this article H0 is
focused however, to study its ability not only to examine all the possible action of H0 that can
have with model membrane but also to observe how it reacts with individual lipid species. So, this
study may help us to understand the mode of action of H0 in real membrane scenario or in the
other word it is biologically relevance due to fact that it agrees with real life setting for following
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reasons: (a) the formation of nano size structures such as tubules or vesicles (structure generation).
(b) this happens with the lipid of negatively charge which mimic the inner leaflet of cell membrane
where endocytosis happen to be regulated, (c) their stability for short period of time which is
critical for cellular regulation, (d) membrane material property has been modulated which is
generally expected as a result of interaction and (e) the use of peptide here; agrees with the amount
in which the protein operates normally, the model planer bilayer essentially as close as the
presynaptic terminal and the experiments were conducted near physiological condition [202] etc.

5.4

Conclusions
It is common for biological cell to change the shape as a response to external molecules or

cargo for its functioning because it is dynamic in nature. So, one can easily hypothesized that some
external agent may cause the perturbation on its property including material and hence the dynamic
as well as the morphology. Here we presented an investigation to explore the changes in material
properties caused by H0-Endo on model membrane by EPR. Using the chain mobility
measurement on liposome carried out by EPR, we found the decrease in lipid mobility surrounding
spin label as reveled by increase in peak-to-peak splitting due to the H0-Endo. The mobility is
significantly reduced on anionic lipid whereas there was in-between effect in the presence of
cholesterol as compared to acidic and zwitterionic lipids. In order to obtain the accessibility and
polarity of the interior of lipid bilayer (liposome), the power saturation method was employed. We
found that due to the H0-Endo, the polarity of bilayer interior increased. This means, the spin label
has become able to reach more deep due to the perturbation making the interior more polar. We
finally explored the orientation order of the lipid acyl chain on magnetically aligned bicelle. The
H0-Endo decreases the orientation order slightly for small P/L ratio. However, drastic decrease
was observed for larger values of P/L. Meaning, sudden loss in order was reveled at higher
137

concentration of peptide. Thus overall result shows that H0-Endo can change the material property
of lipid membrane. Using the AFM, the topographical changes in SLB caused by H0-Endo was
explored. Transmembrane hole formation was observed for all sample irrespective to their charge
and cholesterol content which is likely due to the peptide clustering to exceed the line tension.
Finally, the fluorescence microscopy measurement on anionic liposome showed the small vesicles
evolution which diffuse away from parent GUV with time. This resembles with the curvature
generation ability of such a protein family (i.e. BAR). We used interfacial-bound model to account
the observations obtained in EPR. The morphological change in SLB is explained by the lipid
clustering and the curvature generation is agreed with established model of wedge-insertion model
of helix. With this result, we explored the possibility of H0-Endo on controlling ability on the
material and morphology of membrane for its function on the event that undergoes across the
membrane.
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6

6.1

SUMMARY AND FUTURE DIRECTION

Summary
Many biological phenomenon that happen across the cell membrane such as

permeablization, fusion, fission, endocytosis etc. are attributed to the interaction between
peptide/proteins and the lipids/lipid bilayer. However understanding such critical events are often
challenging due to the complexity in nature of membrane in its native state and the lack of
advancement in the instrumentation technology. In this work, we tried to understand some of
representative interactions by using the simplified model membranes such as SUV, ULV, SLB,
GUV, bicelles and live bacterial cell E. Coli by using available instruments such as AFM,
fluorescence microscopy and spectroscopy, DLS and EPR in a bio-physical prospective. Peptides
what were used for this study were colistin, segment of matrix protein of HIV-1 virus (MA14-31)
and helix 0 of endophilin (H0-Endo). The choice of the peptides were to elucidate representative
mechanism of action and hence relate with the wide range of phenomenon for example, colistin to
the spectrum of antimicrobial peptides and antibiotics, MA14-31 to the protein that are related with
the assemblage after infection in several enveloped virus and H0-Endo to the other alpha helix of
different functionalities as well as several curvature generating peptide of BAR or non-BAR
family. The mechanism of action of first peptide ‘colistin’ on the LPS enriched lipid model
membrane showed the enhanced permeability with LPS and peptide that might be related with the
formation of LPS enriched cluster as depicted by colistin-induced-clustering model. The change
in bacterial morphology, height and roughness in the membrane surface as a result of colistin
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addition on E. Coli showed somehow comparable idea how colistin interacts with the bacterial
membrane. By applying the second peptide MA14-31 in different model membranes, we have been
able to observe the modulation of membrane in a wide spectrum. While MA14-31 caused the
evolution of daughter vesicles from parent GUV significantly for anionic lipids as compared to
cholesterol and or zitterionic; the extra feature of raised structure other than hole formation was
attributed specifically to anionic lipid. This might have hinted us for the assemblage activity of
this peptide. Furthermore, the observation of fusion to lead vesicle cluster caused by MA 14-31 on
anionic lipid open up the question on the possibility for its functionality in the fusion of virus. As
our third peptide H0-Endo has been known for sensing and assisting in generating the curvature,
however the actual function used to be controversial. In this work, we have been able to show its
function in altering the material property. Specifically, we measured the change in fluidity, bilayer
polarity and orientation order and found that first two parameters were enhanced for anionic
contain of lipids and the orientation order of zitterionic lipids decreased with the increase of
peptide concentration. We also tested H0-Endo for morphological modification of lipid’s
membrane. While we found that, it can form the holes on it irrespective to the charge of lipids in
supported bilayer, curvature generation in the form of vesiculation were observed in anionic lipid
showing it’s independent ability on features generation. Thus various aspect of peptide
perturbation on membrane have been carried out which may help in understanding the
phenomenon of interaction that occurs across the membrane.

6.2

Future direction
Since we have considered three peptides, we present our future work direction wrt them

one by on in the separate paragraphs as follows:
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Most of the antibiotics and even some antimicrobial peptides have already been shown to
be only the short term therapeutic options because of the emergence of their resistance in bacteria.
One of the main reasons behind that is the lack of understanding on their mechanism of action.
This work tried to address the action of colistin on model as well as real membrane to some extent.
However, there needs many things that we can work in future to assure colistin as a last line of
defense such as: by preparing more realistic model membranes, working in a physiological
environment, using advanced instruments, verifying the results different methods such as
theoretical, simulation etc., by considering other mechanical properties such as elasticity and
considering the synergetic with other peptides. The significance of the result is that; it should not
only be limited on itself but may be extended to the other peptides of similar nature.
Similarly, combating against virus has been challenging to the world. Not known
permanent therapeutic solutions have been devised yet. This is again due to the same reason as
mentioned above. Furthermore, understanding of the functionalities of peptide in virus is so
complex that an extensive work is required. In this work, we presented an interaction of small
segment of structural protein ‘matrix protein-MA14-31’ with model membrane which is known to
function for assembling the lipids to produce virion after the infection of host cell. We have been
able to address some questions based on our observations on model membranes. However, it is not
sufficient to represent the real life scenario. To make this work more practical and significant, we
may consider the experiment on more realistic model in a physiological setting by using the
advanced form of instruments. We may consider other section of peptide and compare the result
to identify the actual role. Furthermore, the change in other properties and dynamics due to the
interaction are to be considered. As these effects are turned out to be in a spectrum, there may be
a need to search the possibility to correlate between them. Since this work is related with the
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structural protein of HIV-1 virus, it can be extended to understand the similar mechanism of action
for other enveloped virus.
Finally in the context of controversy of functionalities of helix 0 of endophilin segment,
we have been able to show that, it can generate curvature independently. Furthermore in this study
other aspect of changes such as changes in material property and morphology caused by H0-Endo
were accounted. As endophilin protein which belongs to BAR superfamily is important for
synaptic endocytosis in nerve terminal, the understanding of its molecular action is crucial to know
its importance in that process. This work tried to address to some extent. However, we may extend
this work in future by working in more realistic environment as mentioned above. This work can
be extended either by working in similar nature BAR family protein or similar structural helix of
non-BAR origin because the interaction of α-helix peptide has become proven to be critical for
understanding the several physiological process that happens in living organism.
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